Hereditary muscular dystrophy in Syrian hamsters, strain BIO 8262Nij: a morphometric-stereological investigation by Egberink, G.J.M.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/113498
 
 
 
Please be advised that this information was generated on 2018-07-08 and may be subject to
change.
HEREDITARY MUSCULAR L 
SYRIAN HAMSTERS, STRAIN BIO 8262NIJ 
a morphometric-stereological investigation 
G.J.M. EGBERINK 

HEREDITARY MUSCULAR DYSTROPHY IN 
SYRIAN HAMSTERS, STRAIN BIO 8262NIJ 
a morphometric-stereological investigation 

HEREDITARY MUSCULAR DYSTROPHY IN 
SYRIAN HAMSTERS, STRAIN BIO 8262NIJ 
a morphometric-stereological investigation 
een wetenschappelijke proeve op het gebied 
van de geneeskunde en tandheelkunde 
PROEFSCHRIFT 
ter verkrijging van de graad van doctor aan 
de Katholieke Universiteit te Nijmegen, 
volgens besluit van het college van decanen in het 
openbaar te verdedigen op 
donderdag 17 maart 1988 
des namiddags te 1.30 uur precies 
door 
GERHARDA JOHANNA MARIA EGBERINK 
geboren op 23 december 1949 
te Almelo 
1988 
Promotor: Prof. Dr. A.M. Stadhouders 
ISBN 90-9002105-1 
aan Frank 
aan mijn ouders 

CONTENTS 
1. 
1.1. 
1.2. 
1.3. 
2. 
2.1. 
2.2. 
2.3. 
2.3.1. 
2.3.2. 
2.3.3. 
2.4. 
2.4.1. 
2.4.2. 
2.4.3. 
2.4.4. 
2.5. 
3. 
3.1. 
3.2. 
3.3. 
3.4. 
3.5. 
3.5.1. 
3.5.2. 
3.5.3. 
3.6. 
GENERAL INTRODUCTION 
Introductory remarks 
Outline of the present investigation 
References 
SURVEY OF LITERATURE 
Introduction 
Major human muscular dystrophies 
Theories on the pathogenesis 
A connective tissue disorder 
A muscle plasma membrane defect 
A vascular lesion 
Muscular dystrophy in Syrian hamsters 
History of Syrian hamster strains 
Clinical course 
Histopathology of heart muscle 
Histopathology of skeletal muscle 
References 
MATERIALS & METHODS 
Summary 
Animal model 
Low calcium diet 
Histopathology 
Stereological procedures 
Hierarchical models of heart and skeletal muscle tissue 
Sampling procedures 
Calculations 
References 
9 
11 
12 
13 
17 
19 
19 
23 
23 
25 
27 
29 
29 
29 
30 
32 
34 
45 
47 
47 
4fl 
49 
51 
51 
53 
56 
59 
4. ULTRASTRUCTURAL PRESERVATION OF HEART MUSCLE MITOCHONDRIA. 63 
A STEREOLOGICAL STUDY ON THE OSMOTIC EFFECTS OF 
GLUTARALDEHYDE FIXATIVES 
4.1. Introduction 65 
4.2. Materials & methods 66 
4.2.1. Animals 66 
4.2.2. Histological procedures 66 
4.2.3. Glutaraldehyde fixatives 67 
4.2.4. Stereology 67 
4.3. Results 69 
4.3.1. Structural preservation of mitochondria 69 
4.3.2. Stereology 73 
4.4. Discussion 73 
4.5. References 77 
5. HISTOPATHOLOGY OF HEART AND SKELETAL MUSCLE OF BIO 8262NIJ 81 
HAMSTERS DURING POSTNATAL DEVELOPMENT WITH SPECIAL ÏMPHAStS 
ON MITOCHONDRIAL CALCIFICATION 
5.1. Introduction 83 
5.2. Materials & methods 83 
5.3. Results 84 
5.3.1. Histopathological findings in the heart muscle 84 
5.3.2. Histopathological findings in the m. quadriceps 89 
7 
5.Э.З. Mitochondria and calcification 95 
5.4. Discussion 101 
5.5. References 107 
6. MICROVASCULAR ABNORMALITIES iti HEART, TONGUE AND 111 
QUADRICEPS MUSCLES OF BIO 8262NIJ HAMSTERS INVESTIGATED 
USING THE CORROSION CAST TECHNIQUE 
6.1. Introduction 113 
6.2. Materials & Methods 114 
6.3. Results 115 
6.4. Discussion 123 
6.5. References 125 
7. MORPHOMETRIC-STEREOLOGICAL ANALYSIS OF THE POSTMATAL 129 
DEVELOPMENT OF HEART MUSCLE TISSUE IN NORMAL AND BIO 
8262NIJ HAMSTERS 
7.1. Introduction 131 
7.2. Materials & methods 131 
7.3. Results 132 
7.4. Discussion 139 
7.5. References 145 
8. MORPHOMETRIC-STEREOLOGICAL ANALYSIS OF THE POSTNATAL 153 
DEVELOPMENT OF QUADRICEPS MUSCLE TISSUE IN NORMAL AND 
BIO 8262NIJ HAMSTERS 
8.1. Introduction 155 
8.2. Materials & methods 155 
8.3. Results 156 
8.4. Discussion 157 
8.5. References 163 
9. THE EFFECT OF A DIETARY LOW CALCIUM INTAKE ON PROGRESSION 167 
AND SEVERITY OF HEART MUSCLE PATHOLOGY IN BIO 8262NIJ 
SYRIAN HAMSTERS 
9.1. Introduction 169 
9.2. Materials & methods 169 
9.3. Results 170 
9.3.1. Histopathology 170 
9.3.2. Stereology 172 
9.4. Discussion 175 
9.5. References 178 
10. GENERAL DISCUSSION 179 
REFERENCES 192 
SUMMARY 199 
SAMENVATTING 205 
WOORDEN VAN DANK 209 
CURRICULUM VITAE 211 
CHAPTER 1. 
GENERAL INTRODUCTION 

1. GENERAL INTRODUCTION 
1.1. INTRODUCTORY REMARKS 
The various diseases of the striated musculature do not figure prominent 
among the litany of human illnesses. Nevertheless, they severely 
debilitate the patients. Unlike the situation in other organ systems, 
infections and malignancies of the striated musculature are rare. 
By definition, muscular dystrophies are progressive, genetically 
determined, primary diseases of muscle (Walton, 1981). Clinically, these 
diseases are characterized by muscle weakness. The histopathological 
changes in muscular dystrophies consist of muscle fibre necrosis, 
phagocytosis and fibrosis. Both the clinical and the histopathological 
changes are progressive and may be observed in any of the muscular 
dystrophies. However, the distribution and progression of the muscular 
changes vary considerably among the several forms of human muscular 
dystrophy. The frequency and severity of the histopathology may even vary 
among the afflicted muscles in one individual. 
The morphology and the mechanism of excitation-contraction coupling of 
heart and skeletal muscles in healthy individuals is well known. It has 
been established that the etiology of the muscular dystrophies is 
genetically determined. However, much uncertainty exists concerning the 
pathogenetic steps involved in the expression of muscular dystrophies. 
Theories on the pathogenesis have implicated the involvement of a vascular 
lesion (Mendell et al., 1971; 1972; Engel, 1973), of a basic abnormality of 
the sarcolemma (Mokri & Engel, 1975; Engel et al., 1977; Carpenter & 
Karpati, 1979) and of a connective tissue abnormality (Duance et al., 1980; 
Sweeny & Brown, 1981). 
In our opinion, a quantitative study of the histopathological alterations 
during the course of the disease process is of importance for a better 
understanding of the pathological progression in these muscle diseases. 
Since it is nowadays generally accepted that involvement of the heart 
muscle is a rule rather than an exception in all forms of muscular 
dystrophy (Perloff et al., 1966; Griggs, 1974; Griggs et al., 1977; 
Beckmann & Schmit, 1976), such a study must include both the heart and 
skeletal muscles. However, problems regarding the availability of tissue 
samples render this type of investigation of human muscular dystrophies 
extremely difficult. Consequently an animal model with hereditary 
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progressive dystrophy of both heart and skeletal muscles has been chosen 
for the study described in this thesis. The inbred lines of polymyopathic 
Syrian hamsters meet these requirements. In the past 20 years these hamster 
strains provided unique opportunities for the study of the pathogenetic 
mechanisms of skeletal muscle pathology and cardiomyopathy (Homburger et 
al., 1962; Bajusz et al., 1966; Mohr & Lossnitzer, 1974; Strobeck et al., 
1979; Jasmin & Proschek, 1982). The advantage of this model over dystrophic 
mice strains is that the disease does not interfere with reproduction. This 
means that the trait can be maintained in the colony by selective breeding, 
and with a disease incidence of 100%. Both heart and skeletal muscles can 
be studied at early stages of the disease, even prior to the occurrence of 
muscle cell necrosis. Although this model does not necessarily duplicate 
any human muscular dystrophy, it is considered to be a valuable model for 
the study of the course and pathogenetic mechanisms of a generalized, 
hereditary muscle disease. 
1.2. OUTLINE OF THE PRESENT INVESTIGATION 
The aims of the studies on polymyopathic Syrian hamsters, presented in this 
thesis, were to describe the histopathological alterations in both heart 
and skeletal muscles; to conduct a detailed morphometric-stereological 
analysis of these changes during the course of the disease; to find 
evidence for a role of the microvascular system in the pathogenesis of the 
disease. 
A survey of the literature concerning both the major human muscular 
dystrophies and the muscular dystrophy in Syrian hamsters is presented in 
chapter 2. 
Additional information concerning the polymyopathic hamster line used in 
this study together with the procedures used for tissue preservation and 
processing and for morphometric-stereological analysis are presented in 
chapter 3. 
In the context of stereological studies, the in vivo dimensions of tissues, 
cells and cell organelles must be preserved with as little distortion as 
possible. However, dimensional changes during fixation and tissue 
processing are unavoidable. It is therefore essential to assess the extent 
of the induced changes. The results of a study on the effect of the 
osmolarity of glutaraldehyde fixatives on the preservation of heart muscle 
mitochondria is presented in chapter 4. 
A description of the histopathological changes during postnatal development 
12 
of both heart and skeletal muscle in normal and polymyopathic Syrian 
hamsters is presented in chapter 5. In this chapter the process of 
myocardial calcification in dystrophic hamsters, and the role the heart 
muscle mitochondria play in this process is emphasized. 
Ttie results of a study of the microvascular architecture in heart, tongue 
and quadriceps muscle of polymyopathic hamsters, as revealed using the 
microcorrosion cast technique, are presented in chapter 6. 
In chapters 7 and Θ, the results of a morphometric-stereological analysis 
of the postnatal development of heart muscle and skeletal muscle tissues in 
normal and dystrophic hamsters are presented. Special attention was paid to 
myocardial hypertrophy and the pattern of reactivity of the microvascular 
system. Since calcium overload of the myofibres due to a primary defect of 
the sarcolemma is believed to play a crucial role in myocytolysis and cell 
necrosis in these dystrophic hamsters, the effect of a long-term dietary 
low calcium intake on the progression of the cardiomyopathy has been 
studied. The results of this study are given in chapter 9. 
Finally in chapter 10, the results of our studies are discussed in the 
light of current concepts regarding the pathogenesis of polymyopathy in the 
dystrophic Syrian hamster strain. 
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CHAPTER 2. 
SURVEY OF LITERATURE 

2 . SURVEY OF LITERATURE 
2.1. INTRODUCTION 
The muscular dystrophies are a group of genetically determined, 
progressive, degenerative myopathies. The human muscular dystrophies have 
been classified according to the mode of inheritance, the age of onset and 
the severity and distribution of muscle weakness. A brief description of 
the clinical and histopathological characteristics of four major human 
muscular dystrophies (Duchenne muscular dystrophy (DMD), Becker muscular 
dystrophy ( B M D ) , limb girdle muscular dystrophy (LGMD) and 
facioscapulohumeral muscular dystrophy (FSHMD)) will be presented in this 
chapter. For a detailed description of the various disease types the reader 
is referred to recent handbooks (Dubowitz, 1978; Walton, 1981? Engel & 
Banker, 1986). The etiology of the muscular dystrophies is, by definition, 
genetic. However, the causes of the primary biochemical lesion in these 
diseases are unknown and the pathogenetic mechanisms remain elusive. The 
three main theories on the pathogenesis, in Duchenne muscular dystrophy in 
particular, are reviewed below. 
The second part of this chapter concerns the Syrian hamster muscular 
dystrophy. A description of the breeding history of this dystrophic strain 
and the clinical course of the disease together with the histopathological 
findings obtained from this animal model will be presented. 
2 . 2 . MAJOR HUMAN MUSCULAR DYSTROPHIES 
Muscular dystrophies have conceptually been defined as progressive, 
genetically determined, primary, degenerative diseases of the skeletal 
muscle system. Cardiac muscle is often involved in the disease process and 
electrocardiographic anomalies may occur. 
Despite differences in the pattern of inheritance and in the clinical 
course, the essential histopathological features are similar in all types 
of muscular dystrophy. However, the fully developed histological picture is 
characteristic and often diagnostic for a given type of muscular dystrophy. 
All types of muscular dystrophy show signs of skeletal muscle degeneration 
and despite regenerative activity there is progressive loss of muscle 
fibres. This loss appears to be the result of repeated cycles of necrosis 
and regeneration leading to final exhaustion of the regenerative capacity 
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of the muscle. Affected muscles show a variation in fibre size, with 
hypertrophy and atrophy of muscle fibres. Moreover, they become embedded in 
increased amounts of connective tissue. Due to this, a striking 
histological hallmark of the cross-sectioned muscle fibres is a rounded 
rather than a polyangular shape. A constant finding in DMD and BMD is the 
presence of enlarged, circular, opaque, strongly hypercontracted fibres. 
Although these fibres are frequently considered as artifacts, there is 
general agreement that their incidence is characteristic for these types of 
muscular dystrophy. At advanced stages of fibre necrosis, clusters of 
macrophages are present in or around the muscle fibres and myophagocytosis 
occurs. 
So-called 'moth-eaten' and 'whorled' fibres, which are common in other 
forms of muscular dystrophy, are rare in DMD and BMD. Small basophilic 
fibres with internal nuclei are considered characteristic of regeneration. 
Fibre splitting, a condition in which large fibres may be made up of a 
number of closely fitting smaller components or may show partial division, 
is particularly evident in limb girdle dystrophy, but they may also be seen 
to a lesser degree in the other dystrophies. The aforementioned changes 
occur randomly throughout the muscle tissue. Within a given muscle, varying 
degrees of degeneration and regeneration may be observed. Moreover, all 
these changes may be seen in any type of muscular dystrophy, but as already 
indicated, they may vary in frequency and severity. 
Duchenne muscular dystrophy 
Among the four major human muscular dystrophies, Duchenne muscular 
dystrophy (DMD) is the most common, and unfortunately, also the most 
aggressive form of muscular dystrophy. Inheritance of DMD is X-linked and 
recessive. DMD is therefore seen almost exclusively in males. There is also 
a high mutation rate, which is probably the highest for any human disease 
(Dubowitz, 197Θ). Presenting symptoms of the disease are a waddling gait, a 
tendency to fall, difficulties in running and in climbing stairs. Muscular 
weakness usually begins in the proximal musculature, but gradually all 
muscles become involved. Pseudohypertrophy, in particular of the calf 
muscles, is a common feature. The disease process progresses steadily, 
although the child's growth and development may temporarily compensate for 
the progressive muscle breakdown. The age at which the ability to walk is 
lost varies between 7 and 13 years. Death usually results from a 
respiratory infection, but acute myocardial insufficiency may also cause 
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death, since myocardial involvement is a common, possibly invariable, 
feature of D4D. 
In DMD, activities of serum creatine kinase (CK) are always elevated. 
During early stages of the disease, even in the preclinical stage, very 
high serum CK activities are detectable. With progression of the disease 
these CK activities decrease, but never reach normal values. 
The histopathologlcal alterations shown by the muscle biopsy tissue are a 
distinct increase in variability of fibre diameters, an increase of 
endomysial connective tissue and groups of necrotic and regenerating muscle 
fibres. With progression of the disease, there is a decrease in 
regenerating activity and a gradual loss of muscle fibres which are 
"replaced" by connective tissue and adipose tissue. 
Becker muscular dystrophy 
This recessive, X-linked muscular dystrophy shows great similarities to 
DMD, with regard to clinical appearance and distribution of muscle weakness 
but is milder in severity. BMD is considered to be a distinct form of 
muscular dystrophy due to the later onset of the first symptons and the 
slower progression of the disease. More recently, results of genetic 
studies have implicated different genes for DMD and BMD (Dubowitz, 1978; de 
Visser, 1981). Survival of the patients is prolonged until middle adult 
life. Patients develop the same proximal muscle weakness of the pelvic 
girdle and later also of the shoulders. There is also a tendency to walk on 
the toes and a characteristic pseudohypertrophy of the calf muscles. As in 
DMD, activities of serum CK are significantly increased. 
Electrocardiographic changes, as a rule not encountered beneath the age of 
20 years, were found to occur in 50% of the patients and are similar to 
those seen in patients with DMD (Walton, 1981). 
The histopathologlcal alterations seen in patients with BMD are essentially 
similar to those seen in patients with DMD. These include a variability of 
muscle fibre diameters, a slight increase in endomysial connective tissue, 
groups of muscle fibres show signs of degeneration and regeneration, and 
there are increased numbers of fibres with internal nuclei. 
Limb girdle muscular dystrophy 
The term limb girdle muscular dystrophy was originally used to describe 
those patients in which the muscles of the limb girdle and the proximal 
muscles of the limbs are mainly affected. The facial muscles are not 
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involved (Walton & Nattrass, 1954). The disease is usually inherited by an 
autosomal recessive gene and shows a variable age of onset varying from 
late childhood to early adulthood. Symptoms of muscle weakness begin in the 
pelvic or shoulder girdle. Progression of the disease may be rapid or slow, 
but always leads to severe disability and a reduced life expectancy. The 
variable symptoms of this disease have in the past undoubtedly, in some 
cases, resulted in other muscle diseases being diagnosed as LGMD, when such 
diagnoses were based merely on clinical grounds. Unfortunately, more recent 
and advanced investigations have not as yet resulted in a uniform 
description of LGMD. 
Serum CK activities in LGMD are usually slightly to moderately elevated, 
without any correlation between the degree of elevation and the age of the 
patient or the duration of the disease. 
Electrocardiographic changes have been reported in some cases of LGMD. 
Alterations of the heart at autopsy usually consist of enlargement of the 
heart and lipomatosis. 
Histopathological changes, as shown by the muscle biopsies, include 
variations in fibre size, the presence of 'moth-eaten' fibres in some 
cases, and the occurrence of degenerating and regenerating muscle fibres. 
In some cases hypertrophy of the muscle fibres and fibre splitting are 
common features. An additional finding in some of the muscle biopsies is 
the type I fibre predominance. However, a uniform description of the 
histopathological alterations in muscle biopsies in LGMD does not exist. 
Based on the great variability of symptoms in LGMD some authors proposed 
the possibility that a number of different autosomal recessive forms of 
muscular dystrophy exists. Dubowitz (197Θ) proposed that the term LGMD be 
used only for those cases with predominantly pelvic girdle involvement. 
Others have gone so far as to doubt the existence of a distinct LGMD entity 
at all, and propose the use of the term 'limb girdle syndrome' (ten Houten, 
1979; Engel & Banker, 1986). 
Facioscapulohumeral muscular dystrophy 
The facioscapulohumeral muscular dystrophy is a slowly progressive disease 
with a long course. It is usually of autosomal dominant inheritance. The 
disease usually begins in the face and shoulder muscles, at about 20 years 
of age. In some cases involvement of the muscles of the pelvic girdle 
follows. Initially, the patients lose the ability to close the eyelids 
tightly, to wrinkle the forehead and to purse the lips or to whistle. The 
22 
first complaint is often difficulty in raising the arms above the head. The 
course of the disease is variable. One variety of the facioscapulohumeral 
muscular dystrophy may occur very early in life with a rather rapid 
progression involving the shoulder and the pelvic girdle. Another variety 
shows very mild facial weakness but becomes rapidly progressive to the 
shoulder girdle as middle age is reached. The more classical form 
progresses extremely slowly over a period of many years, starting 
relatively late in life. 
Serum CK activities are normal or slightly elevated, particularly in young 
patients. 
In this form of muscular dystrophy there is no involvement of the heart 
muscle. 
The histopathological characteristics include variations in fibre size, 
small groups of angular fibres, the presence of 'moth-eaten' type I fibres, 
the presence of isolated, small atrophic fibres and frequently lymphocyte 
and plasma cell infiltration. 
2.3. THEORIES ON THE PATHOGENESIS 
Theories on the pathogenesis of the human muscular dystrophies have 
implicated a connective tissue disorder, a basic abnormality of the 
sarcolemma and a lesion of the vascular system. 
2.3.1. A CONNECTIVE TISSUE DISORDER 
One of the distinghuishing characteristics of muscular dystrophies, 
especially Duchenne muscular dystrophy, is the extensive proliferation of 
connective tissue in the affected muscles. Despite the fact that this 
marked fibrosis brought Duchenne (1868) to term it "a lesion of the 
'infiltrating' connective tissue", there has been remarkably little 
interest in the pathogenetic process of connective tissue proliferation; 
the fibrosis is generally considered to be simply 'replacement fibrosis'. 
Several authors reported an increase in the endomysial connective tissue 
(Pearce, 1963; Bell & Conen, 196Θ) in very early preclinical stages of DMD 
(Pearson, 1963) and around fibres which do not show signs of degeneration 
(Cazzato, 1968). Cazzato (1968) also stressed the point that the connective 
tissue is not patchy in distribution and that a diffuse thickening of the 
endomysium and perimysium can be observed even before extensive fibre 
degeneration has taken place. 
Using histochemical methods. Bourne & Golarz (1959; 1963) demonstrated a 
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greatly increased 5'-nucleotidase activity in DMD muscular tissue. Based on 
this fact, they suggested that the fundamental defect in DMD may not be in 
the muscle fibres but in the connective tissue which supports them. In 
recent years, it has been shown by immunohistochemical techniques that the 
striking proliferation of connective tissue of DMD, BMD, LG4D and FSHMD can 
be attributed predominantly to an increase in endomysial and perimysial 
type III collagen (Duance et al., 1980; Stephens et al., 1982). By 
immunoperoxidase labelling it has been shown that the endomysial type IV 
collagen in DMD patients is significantly decreased (Baggen et al., 1986). 
Apparently, connective tissue proliferation in DMD coincides with a 
unbalanced distribution of the collagen types. 
It has been reported that DMD and BMD muscle biopsy extracts contain one or 
more factors which inhibit fibroblast proliferation and one or more factors 
which stimulate fibroblast activity (Ulreich et al., 1982a). DMD sera 
appear to stimulate fibroblast proliferation in healthy controls, whereas 
they do not affect DMD fibroblasts. Collagen synthesis was stimulated by 
DMD sera in both control and DMD fibroblast cultures (Ulreich et al., 
1982b). The abnormal clustering of some cells in cultures of Duchenne 
muscle was suggestive of an abnormal form of connective tissue (Thompson et 
al., 1977). However, Ecob-Johnston & Brown (1981) have subsequently shown 
that the cluster formation is not characteristic of Duchenne muscle. 
Cultured skin fibroblasts from Duchenne patients, on the other hand have 
been reported to show a reduced adhesiveness (Jones & Nitkowski, 1979; 
1981). Studies of the cell membrane glycoproteins of skin fibroblasts, have 
to date not provided evidence for a significant modification of the cell 
surface concanavalin A binding sites (Newman, 1982; Hellman et al., 1984). 
Tissue culture studies have also been used to determine whether a disturbed 
collagen synthesis is involved in the pathogenesis of muscular dystrophy. 
lonasescu and collaborators reported a distinctly increased collagen 
synthesis by polyribosomes from biopsied DMD muscle (lonasescu et al., 
1971; 1977a), from tissue cultures of DMD muscle, from skin fibroblasts 
(lonasescu et al., 1976; 1977a; 1977b) and from DMD myogenic clones 
(lonasescu & lonasescu, 1982). These findings prompted the authors to 
conclude that the term 'replacement fibrosis' is not adequate to describe 
the striking proliferation of connective tissue in DMD. 
Results of studies on collagen synthesis by cultured DMD skin fibroblasts 
are rather contradictory. lonasescu et al. (1977a; 1977b) reported a 
reduction of intracellular collagen and an increased extracellular collagen 
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content in DMD skin fibroblast cultures. On the other hand, Rodemann & 
Bayreuther (1984) reported a decrease of the total collagen synthesis 
associated with an increase in collagen degradation in Duchenne 
fibroblasts. These authors suggested that the degradation of collagen in 
the Duchenne skin fibroblasts is caused by the increased hydroxylation of 
proline residues of collagen. 
DMD skin fibroblasts have been reported to exhibit a decreased dipeptidyl 
aminopeptidase I activity (Gelraan et al., 19Θ0). Creatine kinase activity 
was reported to be slightly lower (Davis et al., 1982). 
Analysis of DMD fibroblast protein composition using two-dimensional 
Polyacrylamide gel electrophoresis, revealed that one protein is 
consistently missing (Rosenmann et al., 1982), while Patel et al. (1986) 
established that in some DMD skin fibroblast cell lines, a group of three 
protein spots was absent when using 2-D PAGE electrophoresis. Although the 
nature of these proteins is unknown, it would be instructive to establish 
whether the absence of the proteins is correlated to the X-chromosomal 
lesion in DMD. 
2.3.2. A MUSCLE PLASMA MEMBRANE DEFECT 
In muscular dystrophy a basic defect of the sarcolemma has long been 
suspected because of the marked elevation of the serum creatine kinase (CK) 
activity (Ebashi et al., 1959; Munsat et al., 1 9 7 3 ) . Early 
histopathological studies did not reveal structural abnormalities of the 
sarcolemma (Pearce, 1963; 1966; Cullen & Fulthorpe, 1975), but recent 
reports have given considerable support to the hypothesis that structural 
or functional abnormalities of the sarcolemma are early defects in these 
muscle diseases. 
In particular electron microscopic studies revealed that a structural 
defect of the sarcolemma is related to the muscle fibre necrosis. Mokri & 
Engel (1975) described the occurrence of wedge-shaped 'delta lesions' in 
nonnecrotic DMD muscle fibres. Within these lesions, a discontinuous 
sarcolemma and degenerative abnormalities of the sarcoplasmic structures 
were found, whereas the basement membrane overlying these lesions was found 
to be intact. Similar observations have been made by numerous other authors 
(Schmalbruch, 1975; Engel et al., 1977; Karpati, 1978; Carpenter & Karpati, 
1979; Wakayama et al., 1983). Delta lesions have also been reported in 
preclinical stages of DMD (Wakayama et al., 1983), but appear to be absent 
in fetal DMD muscle (Türkei et al., 1981). Studies with tracer compounds 
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(Mokri S Engel, 1975; Bradley & Fulthorpe, 1978) have demonstrated an 
increased permeability of the sarcolemma at the level of the delta lesions 
in nonnecrotic muscle fibres. 
Several lectin binding studies have revealed abnormalities of the muscle 
cell surface. Whereas cultured DMD muscle cells showed an even distribution 
of the concanavalin A binding sites over the cell surface (Heimann-
Patterson et al., 19Θ2), DMD muscle fibres in situ have been reported to 
show focal alterations in the distribution of concanavalin A binding sites 
at the muscle cell surface (Bonilla et al., 1978; 1980; Dunn et al., 1982). 
Cell surface areas showing an irregular distribution of concanavalin A 
binding sites associated with focally increased extracellular collagen were 
considered to be early lesions (Bonilla et al., 1980). Advanced lesions 
showed complete interruptions in the staining pattern, and sometimes focal 
penetration of the label into muscle fibres with ultrastructural 
alterations was visible. Comparable results have been obtained with other 
lectin labels, such as Ricinus communis I lectin (Capaldi et al., 1984a; 
1984b), wheat germ agglutinin and a group of lectins specific for beta-D-
galactosyl residues at the cell surface (Dunn et al., 1982). 
Freeze-fracture studies have also revealed alterations of the DMD muscle 
plasma membrane. The internal architecture of the sarcolemma showed a 
significant decrease of intramembranous particles in both the P-face and 
the Ε-face, with a significant depletion of the orthogonal array density 
(Schotland et al., 1977; 1980a; 1980b). In DMD fetal muscle and in DMD 
muscle of the preclinical stage, a depletion of the intramembranous 
particles in the P-face, but not in the E-face, was noted together with a 
decrease in the orthogonal array density (Ketelsen, 1980). Freeze-fracture 
studies did not reveal alterations of the sarcolemma in cultured DMD 
myotubes and single muscle cells (Osarne et al., 1981). DMD plasma membranes 
have been reported to show a significant increase in the number of caveolae 
(Ketelsen, 1980; Bonilla et al., 1981) and a decrease in the size of the 
caveolae (Bonilla et al., 1981). 
Biochemical studies of the sarcolemma aimed at corroborating the 
histopathological evidence pointing to a primary plasma membrane defect, 
are hampered by the difficulty in isolating the sarcolemma from the 
contractile proteins and other membranes, by the small yield of the plasma 
membranes and by the fact that DMD muscle is infiltrated by fat and 
connective tissue (Rowland, 1980). The results of these studies are 
contradictory. The major enzyme of the sarcolemma, adenylate cyclase, was 
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found to have a normal basal activity with a decreased stimulation by 
fluoride and isoproterenol (Mawatari et al., 1974) and a decreased basal 
activity after stimulation by fluoride (Canal & Trattola, 1975) in whole 
muscle homogenates. In cultured muscle cells an increased basal adenylate 
cyclase activity with a decreased response to fluoride have been reported 
(Mawatari et al., 1976). In sarcolemmal preparations of patients with 
Duchenne muscular dystrophy the Na+,K+-ATPase activity was found to be 
normal (Peter et al., 1974) or decreased (Niebroj-Dobosz, 1981). In 
summary, morphological findings pointing towards a basic abnormality of the 
sarcolemma are not yet conclusively supported by biochemical findings. 
2.3.3. A VASCULAR LESION 
The major advocate of a vascular hypothesis of the cause of DMD probably is 
Engel (1973, 1977), who suggested that small vessel ischemia is responsible 
for the muscle fibre damage in this disease. The hypothesis is based on an 
as yet unexplained histological feature in DMD, i.e. the occurrence of a 
grouped pattern of degeneration and regeneration as the earliest 
histological sign of the disease. Re stated that ischemia of small arterial 
vessels would lead to necrosis of groups of muscle fibres and that 
subsequent regeneration of groups of muscle fibres would be possible on 
behalf of the collateral blood supply. Repeated ischemic insults would lead 
to repeated necrosis and regeneration. Lack of adequate blood supply would 
cause prominent endomysial connective tissue proliferation. Blood vessels 
in some skeletal muscles would be more sensitive to aberrations than 
others. Sometimes myocardial and cerebral vessels would also be involved. 
Comparable histological lesions were reproduced in animals by arterial 
embolization with dextran particles (Hathaway et al., 1970), by combined 
aortic ligation and serotonin administration (Mendell et al., 1971) and by 
the administration of high doses of serotonin in non-ligatured animals 
(Parker & Mendell, 1974). As in DMD, plasma CK activities were elevated in 
this model of functional ischemia (Mendell et al., 1972a). Pretreatment 
with drugs affecting the catecholamine metabolism prevented muscle damage 
in the aorta-ligatured animals when they were administered in a dose 
related fashion (Engel & Derrer, 1975), but had a deleterious effect when 
muscle damage was produced by very high doses of serotonin in non-
ligatured animals (Parker & Mendell, 1974). The results of these studies 
prompted Engel (1977) to suggest that an impairment of the muscle blood 
flow rather than an anatomic closure of the vessels underlies the 
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degeneration of muscle fibres in DMD. 
In a review of progressive muscular dystrophies. Cazzato (1968) also 
discusses the possible role of ischemia in DMD. He questions whether 
ischemia is a consequence of muscle fibre degeneration or primarily results 
from an abnormality in catecholamine metabolism. 
However, the results of several blood flow studies, did not provide direct 
evidence for the vascular hypothesis. Measurements of muscle blood flow 
under different circulatory conditions, for example at rest, after 
ischemia, after ischemic exercise and after histamine-induced vasodilation, 
did not unequivocally point to an impairment of the muscle blood flow in 
DMD (Demos, 1961; Schroeder et al., 1969; Kunze et al., 1973; Paulson et 
al., 1974; Bradley et al., 1975; Leskova et al., 1977; Leinonen et al., 
1979). 
A daily treatment of DMD patients with a vasodilator resulted in a 
substantial improvement of the clinical state of the patients (Demos, 
1971). Furthermore, diphenoloxidases (enzymes that may play part in the 
inactivation of catecholamines) demonstrated abnormalities in DMD patients 
(Demos, 1973). In DMD, monoamine oxidase activity, plasma levels of 
serotonin (Murphy et al., 19 73) and urinary catecholamine excretion 
(Mendell et al., 1972b) are normal, whereas the serotonin uptake into 
platelets is decreased (Murphy et al., 1973). Wright et al. (1973) observed 
an accumulation of unidentified monoamines in groups of muscle fibres using 
fluorescence microscopy techniques. 
Results of other studies however, have indicated a possible abnormality of 
the catecholamine receptors in human dystrophic muscle. Takamori (1975) 
reported a supersensitivity to catecholamines as reflected by the 
contractile response to adrenaline. Blood flow studies on the effect of 
adrenaline revealed an abnormal response to adrenaline in DMD (Mechler, 
1979) and a lower adrenaline-induced increase in muscle blood flow after 
alpha-blockade in BMD (Mechler et al., 1980). The possible vascular 
abnormality therefore can not simply be the result of an increase in 
circulating catecholamines. 
Structural abnormalities of the vascular system are not a prominent feature 
in DMD. Light and electron microscopic studies of the dystrophic muscles 
revealed only subtle structural changes of the vascular bed, such as 
replication of the basement membrane (Jerusalem et al., 1974; Musch et al., 
1975; Koehler, 1977; Leinonen et al., 1979) and swelling of capillary 
endothelial cells (Miike, 1986). Morphometric analysis revealed an increase 
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in the mean capillary area, but no difference was found in the muscle fibre 
area per capillary (Jerusalem et al., 1974). 
2.4. MUSCULAR DYSTROPHY IN SYRIAN HAMSTERS 
2.4.1. HISTORY OF SYRIAN HAMSTER STRAINS 
The Syrian hamster inbred subline used for the studies in this thesis 
originates back to the BIO 1.50 strain (Homburger, 1972; 1979). The latter 
strain was developed at the BIO-research Institute (Cambridge, 
Massachusetts, USA), through a series of brother/sister matings. The 
primary systemic myopathy (polymyopathy) occurring in this inbred line did 
not interfere with reproduction, occurred at a high rate relatively late in 
life (after 20 days) and allowed the afflicted animals to live for about 7 
months (the lifespan of normal healthy Syrian hamster lines is about 2 
years) (Homburger et al., 1962b). The BIO 1.50 strain was considered an 
excellent biological tool for the study of disease mechanisms leading to a 
generalized myopathy and progressive muscular weakness. The involvement of 
the heart muscle with myocardial necrosis rendered the afflicted animals 
favoured objects for the study of cardiomyopathies (Homburger et al., 
1962a). Genetic studies revealed that the disease was transmitted by an 
autosomal recessive gene. Crossing the BIO 1.50 strain with nonrelated 
normal lines produced the dystrophic BIO 14.6 line (Homburger et al., 
1966). From this BIO 14.6 line several other inbred lines, such as the BIO 
8262 line (Mohr & Lossnitzer, 1974; Homburger, 1979) and the UM-X7.1 line 
(Jasmin & Eu, 1979) have been established. 
2.4.2. CLINICAL COURSE 
The course and severity of the disease varies somewhat between the 
different lines of polymyopathic hamsters (Homburger, 1979). Except for a 
smaller body weight, the physical appearance and behaviour remain normal 
for a long period despite the presence of dystrophic lesions in heart and 
skeletal muscles (Bajusz et al., 1966; Jasmin & Proschek, 1982). The first 
signs of muscular weakness and difficulties in motion and coordination 
appear between 60 and 220 days in the BIO 14.6 line (Homburger et al., 
1965; 1966; Homburger, 1972), at about 150 days in the UM-X7.1 line (Jasmin 
& Proschek, 1982) and between 150 and 200 days in the BIO 8262 line (Mohr & 
Lossnitzer, 1974). Heart involvement is a prominent feature in these 
hamsters, and in the BIO 14.6 and UM-X7.1 lines death usually follows from 
congestive heart failure (Homburger et al., 1965; 1966; Bajusz et al., 
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1966; Homburger, 1972; Jasmin & Proschek, 1982). During the second half of 
life these animals often show a significant increase in body weight due to 
accumulation of edematous fluids (Bajusz et al., 1966). At the time that 
gross pathological signs of cardiac insufficiency are discernible, the 
hearts show varying degrees of hypertrophy and/or dilatation. Hamsters of 
the BIO 8262 line do not however, show signs of cardiac hypertrophy (Mohr 
et al., 1978) and congestion (Stauch & Lossnitzer, 1975). They die from as 
yet unknown causes (Lossnitzer, 1975). At autopsy, the sites of the 
dystrophic lesions are clearly visible with the naked eye as scattered 
white streaks (Bajusz et al., 1966; Mohr & Lossnitzer, 1974; Jasmin & 
Proschek, 1982). 
2.4.3. HISTOPATHOLOGY OF HEART MUSCLE 
In polymyopathic hamsters, heart muscle lesions develop later in life than 
do skeletal muscle lesions (Jasmin & Proschek, 1982; UM-X7.1 line). 
Moreover, this heart muscle pathology seems to be progressive for only a 
limited period, since newly formed lesions are rarely observed during the 
second half of their lifetime (Bajusz et al., 1969a). Bajusz and coworkers 
(1969a) distinguished three clinical and histological phases in the BIO 
14.6 line. Structural alterations in the heart muscle are not present prior 
to the 25th day of life. During the first stage (between 25 and 65 days), 
severe histopathological alterations occur in the hearts. Although the 
hearts of both sexes are affected, histopathological lesions usually occur 
earlier in females (at about 30 days of age) than in males (at about 45 
days of age). At an age of about 65 days muscle pathology is severe, 
uniform in all animals and has an incidence of 100% in both sexes. The 
difference in severity of heart muscle degeneration between males and 
females has not been reported in more recent studies for hamsters of the 
BIO 8262 line (Mohr & Lossnitzer, 1974) and the UM-X7.1 line (Jasmin & 
Proschek, 1982). During the second phase, which occurs between the ages 55 
to 85 days, cardiac enlargement develops through hypertrophy and 
dilatation. Only a few lesions of mild intensity appear and the older 
degenerative lesions show various stages of healing. After the inset of the 
third phase at around the 80th day of life, hypertrophy is gradually 
superceded by extended dilatation of the cardiac chambers (Bajusz et al., 
1969a; 1969b). Although the course and severity of the cardiomyopathy may 
vary among the different lines of polymyopathic hamsters, the sequence of 
events described appears to be the same in all lines (Gertz, 1972; Strobeck 
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et al., 1979; Jasmin & Proschek, 1982) other than the BIO 8262 line, where 
a distinct cardiac hypertrophy does not occur (Mohr et al., 1978). 
At the histological level, the early histopathological alterations in all 
polymyopathic hamster lines consist of focal myolysis, with primary 
disappearance of sarcoplasm. Cellular infiltration does not occur in these 
lesions. Jasmin & Eu (1979) however, reported that the most conspicious 
change in hearts of young Ш-Х7.1 hamsters (19-28 days) is the perivascular 
occurrence of mononuclear cells resembling fibroblasts. 
In the BIO 14.6 line lesions occur randomly through the walls of both the 
ventricles and auricles of the heart, whereas the intraventricular septum 
remains the least affected (Bajusz et al., 1969a). In UM-X7.1 and BIO 40.54 
hamsters, the lesions occur randomly distributed throughout the walls of 
the ventricles only (Gertz, 1972; Jasmin & Proschek, 1982). In BIO 8262 
hamsters the left ventricular wall is predominantly affected; in the right 
ventricular wall lesions are rare (Mohr & Lossnitzer, 1974). 
With the progression of the disease, the number of myolytic spots increases 
and groups of necrotizing cardiocytes appear. These cells disintegrate by 
coagulation of the sarcoplasm, which becomes granular and calcified (Jasmin 
& Proschek, 1982). The necrotic foci are usually larger than the myolytic 
foci and exhibit increased vascularization and phagocytosis. Moreover they 
frequently show calcification and fibrosis (Bajusz et al., 1969a, Gertz, 
1972; Mohr & Lossnitzer, 1974; Lossnitzer et al., 1976; Jasmin & Proschek, 
1982). During the second and third phases of the disease, the hearts show a 
reduction in the number of newly formed lesions which are usually of a mild 
intensity (Bajusz et al., 1969a). In UM-X7.1 and BIO 14.6 hamsters, the 
myolytic process reappears during the later stages of hypertrophy (Bajusz 
et al., 1966; Jasmin & Proschek, 1982). The lesions ultimately become 
calcified areas sequestered within a collagenous fibrillar scar tissue 
(Mohr & Lossnitzer, 1974; Jasmin & Proschek, 1982) consisting of 
fibroblasts, collagen fibres and sometimes multinucleate giant cells 
(Strobeck et al., 1979; Galle et al., 1981). 
A number of electron microscopie studies have contributed to the detailed 
knowledge of the histopathology of the dystrophic process. Because of the 
poorly developed myofilaments at early stages of the disease, Onishi et al. 
(1970) concluded to a delayed maturation of cardiocytes. The earliest 
pathological alterations of the cardiocytes of young polymyopathic hamsters 
appear to be edema of the cytoplasm, swelling of mitochondria, lysis of 
myofibrils and formation of myelin figures (Nakao et al., 1970; Nadkarni et 
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al., 1972; Strobeck et al., 1979; Galle et al., 1981). In addition, 
cardiocytes showing condensed nuclear chromatin and hypercontraction with 
shortening and 'homogenization' of the sarcomeres are occasionally seen in 
young animals (Jasmin & Eu, 1979; Galle et al., 1981). Another finding, 
particularly in the early phase of the disease, is focal disruption of the 
intercalated discs (Onishi et al., 1970; Jasmin S Eu, 1979) and a 
progressive widening of the triad (Nakao et al., 1970). 
During the necrotic phase, several cardiocytes show loss of sarcomere 
pattern and become filled with flocculent material and swollen 
mitochondria. In the more advanced stages, the necrotic cardiocytes consist 
of remnants of the sarcolemma, closely-packed mitochondria and fluffy 
amorphous cell debris (Galle et al., 1981). On the other hand the basement 
membrane remains intact to a late stage of the process of degeneration 
(Nakao et al., 1970). The mitochondria in necrotizing cardiocytes show a 
variety of changes, such as swelling (Nakao et al., 1970) and formation of 
calcium containing structures (Galle et al., 1981). In later stages, 
mitochondria in various stages of calcification are present in the 
phagocytes (Galle et al., 1981). According to some authors this process of 
calcification may continue in the active phagocytic cells (Jasmin s Eu, 
1979; Galle et al., 1981). 
Based on our own studies, the process of mitochondrial calcification will 
be described in detail in chapter 5. 
2.4.4. HISTOPATHOLOGY OF SKELETAL MUSCLE 
The structural alterations in the skeletal muscles of the different hamster 
lines are essentially uniform and vary only in the time of onset and 
severity (Homburger, 1979). The morphological characteristics of skeletal 
muscle lesions as seen in the different lines of polymyopathic hamsters, 
were first described by Homburger and collaborators (1962a; 1965). In a 
later, extensive study, it was established by comparing biopsies with 
autopsies of the same animal that the disease is always progressive 
(Homburger et al., 1966; Homburger, 1972). The rate of progression and the 
extent of the necrotizing process may vary greatly between the muscles of 
the same animal, but finally all skeletal muscles become affected (Bajusz 
et al., 1966; Mohr & Lossnitzer, 1974; Jasmin & Proschek, 1982). The most 
severely affected muscles in BIO 14.6 hamsters have been reported to be the 
shoulder muscles (Homburger et al., 1966). In UM-X7.1 and BIO 8262 hamsters 
the diaphragm, the intercostal muscles, the tongue and the muscles of the 
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limb girdle have been reported to be consistently affected (Mohr & 
Lossnitzer, 1974; Jasmin & Proschek, 1982). 
The earliest histopathological alterations, as observed by light microscopy 
and depending on the method of fixation, consist of a perinuclear halo 
around some subsarcolemmal nuclei (Homburger et al., 1965; 1966). The 
perinuclear halos contain finely granular material and become more 
eosinophilic as they become larger and fuse to form pale sleeves. These 
halos have been reported to be distinct from the perinuclear accumulations 
of RNA between rows of nuclei, and they precede the nuclear and 
sarcoplasmic alterations (Homburger et al., 1965). 
At subsequent stages of the disease process, the histopathological changes 
consist of hyalinization and fragmentation of small groups of muscle 
fibres. The affected areas show little or no cellular Infiltrate. At 
advanced stages of the disease, necrotizing groups of muscle fibres are 
seen throughout the fascicles resulting in a great variation in fibre size. 
Muscle fibres undergoing coagulation necrosis and phagocytosis are present 
together with small basophilic muscle fibres with internal rows of nuclei, 
indicating regeneration of muscle fibres. Necrosis and regeneration reach a 
maximum severity at about 90 to 100 days of age (Jasmin & Proschek, 1982; 
Karpati et al., 1983), but in contrast to the heart muscle, coagulation 
necrosis can still be observed in skeletal muscles at the age of 250 days 
(Mohr & Lossnitzer, 1974). Since the nuclei in the regenerated muscle 
fibres permanently remain centrally located (Karpati, 1979), the percentage 
of centronucleated muscle fibres can be used to determine the progression 
of the polymyopathy. Karpati et al. (1983) stated that the prevalence of 
centronucleated fibres is a better overall cumulative index of necrosis 
than the number of actual necrotic muscle fibres. At advanced stages of the 
dystrophic process, 80% of the muscle fibres contain central nuclei fJasmin 
& Proschek, 1982; Karpati et al., 1983). 
Electron microscopic studies reveal that there is dilatation of the 
sarcotubular system in otherwise normal appearing muscle fibres. This 
effect can be aggravated in Syrian hamsters by forcing the animals to swim 
(Caulfield, 1966, 1972). Another early morphologic alteration appears to be 
the presence of focal disruptions of the sarcoleirana with preservation of 
the basement membrane. This has been shown by the occurrence of wedge-
shaped areas of influx of tracers such as horseradish peroxidase (Mendell 
et al., 1979). 
It has been reported that the mitochondria in the necrotizing fibres become 
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enlarged and spherical in shape, and frequently contain so-called 
'osmiophilic irregularly shaped densities' of 50 to 150 nm. Some of the 
mitochondria may develop so-called 'intracristal platelike structures' 
(Mendell et al., 19 79). 
Calcification of muscle fibres can frequently be observed in the diaphragm 
and the tongue, but is exceptional in the rest of the musculature (Mohr & 
Lossnitzer, 1974; Jasmin & Proschek, 1982). A distinct fibrosis of the 
muscles, particularly in the tongue, can be observed in very old diseased 
hamsters (Mohr & Lossnitzer, 1974). 
2.5. REFERENCES 
Baggen J, Stadhouders AM, Lamers АРМ. 
Personal communication (1986). 
Bajusz E, Homburger F, Baker JR. 
The heart muscle in muscular dystrophy with special reference to 
involvement of the cardiovascular system in the hereditary myopathy of the 
hamster. 
Ann Ν Y Acad Sci 138, 213-231 (1966). 
Bajusz E, Baker JR, Nixon CW, Homburger F. 
Spontaneous hereditary myocardial degeneration and congestive heart failure 
in a strain of Syrian hamsters. 
Ann Ν Y Acad Sci 156, 105-129 (1969a). 
Bajusz E, Homburger F, Baker JR, Bogdonoff P. 
Dissociation of factors influencing myocardial degeneration and generalized 
cardiocirculatory failure. 
Ann Ν Y Acad Sci 156, 396-420 (1969b). 
Bell CD, Conen PE. 
Histopathological changes in Duchenne muscular dystrophy. 
J Neurol Sci 7, 529-544 (1968). 
Bonilla E, Schotland DL, Wakayama Y. 
Duchenne dystrophy: focal alterations in the distribution of concanavalin A 
binding sites at the muscle cell surface. 
Ann Neurol 4, 117-123 (1978). 
Bonilla E, Schotland DL, Wakayama Y. 
Application of lectin cytochemistry to the study of human neuromuscular 
disease. 
Muscle & Nerve 3, 28-35 (1980). 
Bonilla E, Fischbeck К, Schotland DL. 
Freeze-fracture studies of muscle caveolae in human muscular dystrophy. 
Am J Pathol 104, 167-173 (1981). 
Bourne GH, Golarζ MN. 
Human muscular dystrophy as an aberration of the connective tissue. 
Nature 183, 1741-1743 (1959). 
34 
Bourne GH, Golarz MN. 
Histochemical evidence for a possible primary biochemical lesion in 
muscular dystrophy. 
Histochem Cytochem 11, 186-2Θ8 (1963). 
Bradley WG, Fulthorpe JJ. 
Studies of sarcolemmal integrity in myopathic muscle. 
Neurology 28, 670-677 (1978). 
Bradley WG, O'Brien M, Wälder DN, Murchison D, Johnson M, Newell r>J. 
Failure to confirm a vascular cause of muscular dystrophy. 
Arch Neurol 32, 466-473 (1975). 
Canal N, Frattola L. 
Phosphodiesterase and adenyl cyclase in normal and diseased muscle. 
In: Recent advances in myology. Ed: Bradley WG, Gardner-Medwin D, Walton 
JN. Excerpta Medica, Amsterdam, pp 273-2 76 (1975). 
Capaldi MJ, Dunn MJ, Sewry CA, Dubowitz V. 
Altered binding of Ricinus communis I lectin by muscle membranes in 
Duchenne muscular dystrophy. 
J Neurol Sci 63, 129-142 (1984a). 
Capaldi MJ, Dunn MJ, Sewry CA, Dubowitz V. 
Binding of Ricinus communis I lectin to the muscle cell plasma membrane in 
diseased muscle. 
J Neurol Sci 64, 315-324 (1984b). 
Carpenter S, Karpati G. 
Duchenne muscular dystrophy. Plasma membrane loss initiates muscle cell 
necrosis unless it is repaired. 
Brain 102, 147-161 (1979). 
Caulfield JB. 
Electron microscopic observations on the dystrophic hamster muscle. 
Ann Ν Y Acad Sci 138, 151-159 (1966). 
Caulfield JB. 
Striated muscle lesions in dystrophic hamsters. 
In: Progr Exp Tumor Res, vol XVI. Ed: Homburger F. Karger, New York, pp 
274-286 (1972). 
Cazzato G. 
Considerations about a possible role played by connective tissue 
proliferation and vascular disturbances in the pathogenesis of progressive 
muscular dystrophy. 
Eur Neurol 1, 158-179 (1968). 
Cullen MJ, Fulthorpe JJ. 
Stages in fibre breakdown in Duchenne muscular dystrophy. An electron-
microscopic study. 
J Neurol Sci 24, 179-200 (1975). 
35 
Davis ΜΗ, Cappel R, Vester JW, Samaha FJ, Gruenstein E. 
Creat ine k i n a s e a c t i v i t y in normal and Duchenne m u s c u l a r d y s t r o p h y 
f i b r o b l a s t s . 
Muscle & Nerve 5, 1-6 (1982). 
Demos J. 
Mesure des temps de circulation chez 79 myopathies. Etude statistique des 
résultats. Role du degré de l'atteinte musculaire clinique, du mode 
évolutif de la maladie, du sexe du malade, des siasons. 
Rev Franc Etud Clin Biol 6, Θ76-8Θ7 (1961). 
Demos J. 
Early diagnosis and treatment of rapidly developing Duchenne de Boulogne 
type myopathy (type DDB1). 
Am J Phys Med 50, 271-284 (1971). 
Demos J. 
Platelet diphenoloxidase in progressive muscular dystrophy. 
Clin Genet 4, 79-90 (1973). 
Duance VC, Stephens HR, Dunn M, Bailey AJ, Dubowitz V. 
A role for collagen in the pathogenesis of muscular dystrophy? 
Nature 284, 470-472 (1980). 
Dubowitz V. 
Muscle disorders in childhood. 
WB Saunders Company Ltd, London. (1978). 
Duchenne GB. 
Recherches sur le paralysie musculaire pseudohypertrophique ou paralysie 
myosclerotique. 
Arch Gen Med 6 (series 11): 5, 179, 305, 421, 552,(1868). 
Dunn MJ, Sewry CA, Dubowitz V. 
Cytochemical studies of lectin binding by diseased human muscle. 
J Neurol Sci 55, 147-159 (1982). 
Ebashi S, Toyokura Y, Momoi H, Sugita H. 
High creatine Phosphokinase activity of sera of progressive muscular 
dystrophy patients. 
J Biochem (Tokyo) 46, 103-104 (1959). 
Ecob-Johnston MS, Brown AE. 
Cluster formation in monolayer cultures of normal and diseased human 
muscle. 
Exp Neurol 71, 390-397 (1981). 
Engel AG, Banker BQ. 
Myology. Basic and clinical. McGraw-Hill Book Company, New York. (1986). 
Engel AG, Mokri B, Jerusalem F, Sakakibara H, Paulson OB. 
Ultrastructural clues in Duchenne dystrophy. 
In: Pathogenesis of human muscular dystrophies. Ed: Rowland LP. Excerpta 
Medica, Amsterdam, pp 310-327 (1977). 
36 
Engel WK. 
Duchenne muscular dystrophy: a histologically based ischemia hypothesis and 
comparison with experimental ischemia myopathy. 
In: The striated muscle. Ed: Pearson CM, Mostofi FK. pp 453-472 (1973). 
Engel WK. 
Integrative histochemical approach to the defect of Duchenne muscular 
dystrophy. 
In: Pathogenesis of human muscular dystrophies. Ed: Rowland LP. Excerpta 
Medica, Amsterdam, pp 277-309 (1977). 
Engel WK, Derrer EC. 
Drugs blocking the muscle-damaging effects of 5-HT and noradrenaline in 
aorta-ligatured rats. 
Nature 254, 151-152 (1975). 
Galle J, Mohr W, Lossnitzer K, Haferkamp О. 
Development of necrosis and its sequelae in the myocardium of polymyopathic 
hamsters (ΒΙΟ Θ262). An electron microscopic study. 
Virchows Arch (Cell Pathol) 36, 87-100 (1981). 
Gelman BB, Papa L, Davis MH, Gruenstein E. 
Decreased lysosomal dipeptidyl aminopeptidase Τ activity in cultured human 
skin fibroblasts in Duchenne's muscular dystrophy. 
J Clin Invest 65, 1398-1406 (1980). 
Gertz EW. 
Cardiomyopathic Syrian hamster: a possible model of human disease. 
In: Progr Exp Tumor Res, Vol XVI. Ed: Homburger F. Karger, New York, pp 
242-260 (1972). 
Hathaway PW, Engel WK, Zellweger H. 
Experimental myopathy after microarterial embolization. 
Arch Neurol 22, 365-378 (1970). 
Heiman-Patterson TD, Bonilla E, Schotland DL. 
Concanavalin A binding of the cell surface of Duchenne muscle in vitro. 
Ann Neurol 12, 305-307 (1982). 
Reliman M, Jamieson JC, Parfett CLJ, Wright JA. 
Concanavalin A binding to fibroblasts from Duchenne muscular dystrophy 
patients and age-matched controls. 
J Neurol Sci 65, 315-321 ( 1984). 
Homburger F. 
Disease models in Syrian hamsters. 
In: Progr Exp Tumor Res, Vol 16. Ed: Homburger F. Karger, New York, pp 69-
86 (1972). 
Homburger F. 
Myopathy of hamster dystrophy: history and morphologic aspects. 
Ann Ν Y Acad Sci 317, 2-17 (1979). 
37 
Homburger F, Baker JR, Nixon CH, Whitney R. 
Primary, generalized polymyopathy and cardiac necrosis in an inbred line of 
Syrian hamsters. 
Med Exp 6, 339-345 (1962a). 
Homburger F, Baker JR, Nixon ОТ, Wilgram G. 
New hereditary disease of Syrian hamsters. 
Arch Int Med 110, 660-662 (1962b). 
Homburger F, Baker JR, Nixon CW, Wilgram G, Harrop J. 
The early histopathological lesions of muscular dystrophy in the Syrian 
golden hamster. 
J Path Bact 89, 133-138 (1965). 
Homburger F, Nixon CW, Eppenberger M, Baker JR. 
Hereditary myopathy in the Syrian hamster: Studies on pathogenesis. 
Ann Ν Y Acad Sci 138, 14-27 (1966). 
Houten R ten. 
Limb-girdle muscular dystrophy. 
Thesis, Amsterdam. (1979). 
lonasescu V, Zellweger H, Conway TW. 
Ribosomal protein synthesis in Duchenne muscular dystrophy. 
Arch Biochem Biophys 144, 51-58 (1971). 
lonasescu V, Zellweger H, lonasescu R, Lara-Braud C, Cancilla PA. 
Protein synthesis in muscle cultures from patients with Duchenne muscular 
dystrophy. 
Acta Neurol Scand 54, 241-247 (1976). 
lonasescu V, Zellweger H, lonasescu R, Lara-Braud C. 
Protein synthesis in human muscular dystrophies. 
In: Pathogenesis of human muscular dystrophies. Ed: Rowland LP. Excerpta 
Medica, Amsterdam, pp 362-375 (1977a). 
lonasescu V, Lara-Braud C, Zellweger H, lonasescu R, Burmeister L. 
Fibroblast cultures in Duchenne muscular dystrophy. 
Acta Neurol Scand 55, 407-417 (1977b). 
lonasescu V, lonasescu R. 
Increased collagen synthesis by Duchenne myogenic clones. 
J Neurol Sci 54, 79-87 (1982). 
Jasmin G, Eu HY. 
Cardiomyopathy o f hamster dys t rophy . 
Ann Ν Y Acad S c i 317, 46-58 ( 1 9 7 9 ) . 
Jasmin G, Proschek L. 
H e r e d i t a r y p o l y m y o p a t h y and card iomyopathy i n t h e Syr ian hamster. T. 
P r o g r e s s i o n of h e a r t and s k e l e t a l muscle l e s i o n s i n t h e 0M-X7.1 l i n e . 
Muscle & Nerve 5, 20-25 ( 1 9 8 2 ) . 
38 
Jerusalem F, Engel AG, Gomez MR. 
Duchenne dystrophy. I. Morphometric study of the muscle microvasculature. 
Brain 97, 115-122 (1974). 
Jones GE, Witkowski JA. 
Reduced adhesiveness between skin fibroblasts from patients with Duchenne 
muscular dystrophy. 
J Neurol Sci 43, 465-470 (1979). 
Jones GE, Witkowski JA. 
Analysis of skin fibroblast aggregation in Duchenne muscular dystrophy. 
J Cell Sci 48, 291-300 (1981). 
Karpati GE. 
A review of the morphologic features and consequences of muscle cell 
necrosis in Duchenne disease: Clues to the pathogenesis. 
In: Neurology. Ed: den Hartog Jager WA, Bruyn GW, Heystee APJ. Excerpta 
Medica, Amsterdam, pp 117-131 (1978). 
Karpati G. 
General discussion on hamster dystrophy. 
Ann N Y Acad Sci 317, 89-91 (1979). 
Karpati G, Armani M, Carpenter S, Prescott S. 
Reinnervation is followed by necrosis in previously denervated skeletal 
muscles of dystrophic hamsters. 
Exp Neurol 82, 358-365 (1983). 
Ketelsen U-P. 
Quantitative freeze fracture studies of human skeletal muscle cell 
membranes under normal and pathological conditions. 
In: Muscular dystrophy research: advances and trends. Ed: Angelini С, 
Danieli GA, Fontanari D. Excerpta Medica, Amsterdam, pp 79-87 (1980). 
Koehler J. 
Blood vessel structure in Duchenne muscular dystrophy. I. tight and 
electron microscopic observations in resting muscle. 
Neurol 27, 861-868 (1977). 
Kunze К, Berk H, Bruckel В. 
Alteration of blood flow in diseased muscle. 
Excerpta Med Int Cong Ser 295, 198-203 (1973). 
Leinonen H, Juntunen J, Somer H, Rapóla J. 
Capillary circulation and morphology in Duchenne muscular dystrophy. 
Eur Neurol 18, 249-255 (1979). 
Leskova NN, Smirnov VF, Sitnikov VF, Sychev VK. 
Study of the muscular blood flow with ІЗЗХе in progressing muscular 
dystrophy. 
Med Radiol 2 2 , 34-48 ( 1 9 7 7 ) . 
39 
Lossnitzer К. 
Genetic induction of a cardiomyopathy. 
In: Handbook of experimental pharmacology. Vol XVI, part 3. Ed: Schmier J, 
Eichler 0. Heidelberg, pp 309-344 (1975). 
Lossnitzer K, Stauch M, Mohr W, Burkhardt H. 
Die Kardiomyopathie des syrischen Goldhamsters. 
Therapiewoche 26, 1730-1743 (1976). 
Mawatari S, Tagaki A, Rowland LP. 
Adenyl cyclase in normal and pathologic human muscle. 
Arch Neurol 30, 96-102 (1974). 
Mawatari S, Miranda A, Rowland LP. 
Adenyl cyclase abnormality in Duchenne muscular dystrophy: Muscle cells in 
culture. 
Neurology 26, 1021-1026 (1976). 
Mechler F. 
Polygraphie s t u d i e s in hea l thy and diseased muscle. 
I n : Recent developments of neurobiology in Hungary. Vol 8. Ed: Lissak K. 
Akademiai Kiado, Budapest, pp 51-72 (1979). 
Mechler F, Mastaglia FL, Haggith J , Gardner-Medwin D. 
A d r e n e r g i c r e c e p t o r r e s p o n s e s of v a s c u l a r smooth muscle in Becker 
dystrophy. 
J Neurol Sci 46, 291-302 (1980). 
Mendell JR, Engel WK, Derrer EC. 
Duchenne muscular dystrophy: functional ischemia reproduces its 
characteristic lesions. 
Science 172, 1143-1145 (1971). 
Mendell JR, Engel WK, Derrer EC. 
Increased plasma enzyme concentrations in rats with functional ischaemia of 
muscle provide a possible model of Duchenne muscular dystrophy. 
Nature 239, 522-524 (1972a). 
Mendell JR, Higgins R, Sahenk Z, Cosmos E. 
Relevance of genetic animal models of muscular dystrophy to human muscular 
dystrophies. 
Ann Ν Y Acad Sci 317, 409-429 (1979). 
Mendell JR, Murphy DL, Engel WK, Chase TN, Gordon E. 
Catecholamines and indoleamines in patients with Duchenne dystrophy. 
Arch Neurol 27, 518-520 (1972b). 
Miike T. 
Capillary endothelial cell injury in muscular dystrophies. 
Muscle & Nerve 9 N05S/suppl, 207 (1986). 
Mohr W, Lossnitzer K. 
Morphological investigation in hamsters of strain BIO 8262 with hereditary 
myopathy and cardiomyopathy. 
Beitr Path Bd 153, 178-193 (1974). 
40 
Mohr W, Lossnitzer K, Schwarz J. 
The cardiomyopathy of the Syrian hamster (strain BIO 8262) - hypertrophic 
or dystrophic? 
Basic Res Cardiol 73, 34-46 (1978). 
Mokri B, Engel AG. 
Duchenne dystrophy: electron microscopic findings pointing to a basic or 
early abnormality in the plasma membrane of the muscle fibre. 
Neurology 25, 1111-1120 (1975). 
Munsat TL, Baloh R, Pearson CM, Fowler W. 
Serum enzyme alterations in neuromuscular disorders. 
JAMA 226, 1536-1543 (1973). 
Murphy DL, Mendel1 JR, Engel WK. 
Serotonin and platelet function in Duchenne muscular dystrophy. 
Arch Neurol 28, 239-242 (1973). 
Musch ВС, Papapetropoulos ТА, McQueen DA, Hudgson P, Weightman D. 
A comparison of the structure of small blood vessels in normal, denervated 
and dystrophic human muscle. 
J Neurol Sci 26, 221-234 (1975). 
Nadkami BB, Hunt B, Heggtveit HA. 
Early ultrastructural and biochemical changes in the myopathic hamster 
hart. 
In: Recent advances in studies on cardiac structure and metabolism. Vol 1, 
Myocardiology. Ed: Bajusz E, Rona G. University Park Press, Baltimore, pp 
251-261 (1972). 
Nakao K, Oka M, Chen C, Bajusz E, Angrist A. 
Studies of the spontaneous myocardiopathy in the BIO-14.6 strain of 
hamsters. 
Path Microbiol 35, 118-124 (1970). 
Newman GC. 
Duchenne muscular dystrophy cultured skin fibroblasts stain normally with 
concanavalin A. 
J Neurol Sci 54, 353-358 (1982). 
Niebroj-Dobosz I. 
(Na+K)Mg-ATPase of muscle plasma membranes in Duchenne muscular dystrophy. 
Neurology 31, 331-334 (1981). 
Onishi S, Bajusz E, Büchner F, Rickers К. 
ültramicroscopic pictures of myocardial hypertrophy in inherited myopathy 
of the Syrian hamster on electronmicroscopic examination. 
Beitr Path Anat 140, 119-141 (1970). 
Osarne M, Engel AG, Rebouche CJ, Scott RE. 
Freeze-fracture electronmicroscopic analysis of plasma membranes of 
cultured muscle cells in Duchenne dystrophy. 
Neurology 31, 972-979 (1981). 
41 
Parker JM, Mende11 JR. 
Proximal myopathy induced by 5-HT-imipramine simulates Duchenne dystrophy. 
Nature 247, 103-104 (1974). 
Patel К, Dunn MJ, Carter J, Dubowitz V. 
Analysis by 2-D PAGE of gene expression in D4D. 
Muscle & Nerve 9 N05S/Suppl 203 (19β6). 
Paulson OB, Engel AG, Gomez MR. 
Muscle blood flow in Duchenne type muscular dystrophy, limb-girdle 
dystrophy, polymyositis, and in normal controls. 
J Neurol Neurosurgery Psych 37, 685-690 (1974). 
Pearce GW. 
Electron microscopy in the study of muscular dystrophy. 
In: Muscular dystrophy in man and animals. Ed: Bourne GH, Golarz MN. New 
York, pp 160-176 (1963). 
Pearce GW. 
Electron microscopy in the study of muscular dystrophy. 
Ann Ν Y Acad Sci 138, 138-150 (1966). 
Pearson CM. 
Pathology of human muscular dystrophy. 
In: Muscular dystrophy in man and animals. Ed: Bourne GH, Golarz MN. New 
York, pp 2-45 (1963). 
Peter JB, Fiehn W, Nagamoto Τ, Andiman R, Stempel К, Bowman R. 
Studies of sarcolemma from normal and diseased skeletal muscle. 
In: Exploratory concepts in muscular dystrophy II. Ed: Milhorat AT. 
Excerpta Medica, Amsterdam, pp 479-490 (1974). 
Rodemann HP, Bayreuther К. 
Abnormal collagen metabolism in cultured skin fibroblasts from patients 
with Duchenne muscular dystrophy. 
Proc Natl Acad Sci USA 81, 5130-5134 (1984). 
Rosenmann E, Kreis С, Thompson RG, Dobs M, Hamerton JL, Wrogemenn K. 
Analysis of fibroblast proteins from patients with Duchenne muscular 
dystrophy by two-dimensional gel electrophoresis. 
Nature 298, 563-565 (1982). 
Rowland LP. 
Biochemstry of muscle membranes in Duchenne muscular dystrophy. 
Muscle & Nerve 3, 3-20 (1980). 
SchmalIbruch H. 
Segmental fibre breakdown of defects of the plasmalemma in diseased human 
muscles. 
Acta Neuropath (Beri) 33, 129-141 (1975). 
Schotland DL, Bonilla E, Van Meter M. 
Duchenne dystrophy: Alteration in muscle plasma membrane structure. 
Science 196, 1005-1007 (1977). 
42 
Schotland DL, Bonilla E, Wakayama Y. 
Appl icat ion of the f reeze fracture technique t o the study of human 
neuromuscular d isease. 
Muscle & Nerve 3, 21-27 (1980a). 
Schotland DL, Bonilla E, Wakayama Y. 
Ultrastructural studies of muscle membrane in neuromuscular d i sease . 
In: Muscular dystrophy research: advances and trends. Ed: Angel ini С, 
Danieli GA, Fontanar! D. Excerpta Medica, Amsterdam, pp 70-78 (1980b). 
Schroeder W, Treumann F, Demos J. 
Der Wirkungsgrad der Skelettmuskeldurchblutung bei der Dystrophia 
Musculorum Progressiva type Duchenne. 
Arzneim Forsch 23, 185-190 (1969). 
Stauch M, Lossnitzer K. 
Left v e n t r i c u l a r funct ion in Syrian hamsters of di f ferent ages with 
hereditary cardiomyopathy. 
In: Recent advances in studies on cardiac structure and metabolism, vol 6: 
Pathophysiolology and morphology of myocardial c e l l a l t e r a t i o n . Ed: 
F l e c k e n s t e i n A, Rona G. University Park Press, Baltimore, pp 283-290 
(1975). 
Stephens HR, Duance VC, Dunn MJ, Bailey AJ, Dubowitz V. 
Collagen types in neuromuscular d i seases . 
J Neurol Sci 53, 45-62 (1982). 
Strobeck JE, Factor SM, Bhan A, Sole M, Liew CC, Fein F, Sonnenblick EH. 
Hereditary and acquired cardiomyopathies in experimental a n i m a l s : 
mechanical, biochemical, and structural features. 
Ann Ν Y Acad Sci 317, 59-87 (1979). 
Takamori M. 
Contractility and supersensitivity to adrenaline in dystrophic muscle. 
J Neurol Neurosurg Psychiat 38, 483-492 (1975). 
Thompson E, Yasin R, Van Beers G, Nurse K, Al-Ani S. 
Myogenic defect in human muscular dystrophy. 
Nature 268, 241-243 (1977). 
Türkei SB, Howell R, Iseri AL, Chui L. 
Ultrastructure of muscle in fetal Duchenne's dystrophy. 
Arch Pathol Lab Med 105, 414-418 (1981). 
Ulreich JB, Stern LZ, Chvapil M. 
Tissue factors influence fibroblast activity in neuromuscular diseases. 
Exp Neurol 76, 150-155 (1982a). 
Ulreich JB, Stern LZ, Chvapil M. 
Dystrophic and normal human fibroblast activity modulated by sera from 
patients with Duchenne muscular dystrophy. 
Abstracts of the fifth international congress on neuromuscular diseases, 
Marseille. (1982b). 
43 
I 
i 
Visser M de. 
Ziekte van Becker. 
Thesis, Amsterdam. (1981). i 
Wakayama Y, Bonilla E, Schotland DL. 
Muscle plasma membrane abnormalities in infants with Duchenne muscular 
dystrophy. 
Neurology 33, 1368-1370 (1983). 
Walton J. 
Disorders of voluntary muscle. Fourth edition. 
Churchill Livingstone, London (1981). 
Walton JN, Nattrass FJ. 
On the classification, natural history and treatment of the myopathies. 
Brain 77, 169-231 (1954) . 
Wright TL, O'Neill JA, Olson WH. 
Abnormal intrafibrillar monoamines in sex-linked muscular dystrophy. 
Neurol 23, 510-517 (1973). 
CHAPTER 3. 
MATERIALS & METHODS 

3 . MATERIALS & METHODS 
3.1. SUMMARY 
In this chapter additional information concerning the Syrian hamster 
subline used in our studies is presented, together with a description of 
the procedures used for the preparation of tissue for light and electron 
microscopy and for morphometric-sterelogical analyses. A hierarchical model 
for heart and skeletal muscle tissue is presented, and the sampling 
procedures and the stereological formulae used are briefly described. For 
stereological studies, possible changes in the dimensions of cells and 
cellular components due to tissue handling must be known. Therefore, an 
investigation into the effect of the osmolarity of fixatives on the 
ultrastructural preservation of heart muscle mitochondria has been 
conducted. The results of this study are given in a separate chapter 
(chapter 4). 
3.2. ANIMAL MODEL 
In this study we have used dystrophic hamsters of the BIO 8262 line. The 
animals were obtained from a local breeding colony, developed by 
brother/sister mating from breeders kindly provided by Dr. H.-P. Schnappauf 
(Leiter der Zentralen Tierversuchsanlage, University of Ulm, FRG). All 
animals were kept under controlled housing conditions (24 С room temp., 
60% humidity). They were fed a standard diet (Hope Farms NV, Woerden, The 
Netherlands) and had free access to tap water. Continued breeding by at 
random brother/sister mating may cause a gradual increase in longevity of 
the animals (Homburger, 1979). Therefore we used breeders with high serum 
creatine kinase (CK) (ranging from 5000-20000 IU/1) throughout these 
studies. In fig. 3.1. data are given on the serum CK activity, investigated 
longitudinally, in 5 randomly chosen dystrophic hamsters. After 14 
generations of inbreeding, the average life-span of the animals of our 
subline was 7-9 months, which is about one third the life-span of the non-
dystrophic hamsters. Throughout their life-time, the diseased animals show 
lower body and heart weights. Breeding, nutrition and housing conditions 
may affect the course of the disease (Homburger, 1972; 1979). We should 
therefore designate our subline BIO 8262Nij. Non-dystrophic Syrian hamsters 
of a local strain served as controls. 
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Figure 3 .1 . Creat ine kinase a c t i v i t y in serum of BTO 8262Nij hamsters (n=5). Values, 
obtained in a l o n g i t u d i n a l s tudy, are expressed as mean +_ SO. 
3 . 3 . LOW CALCIUM DIET 
I n o r d e r t o s t u d y t h e e f f e c t o f a r e s t r i c t e d c a l c i u m i n t a k e on t h e 
d e v e l o p m e n t a n d / o r p r o g r e s s i o n of t h e d y s t r o p h i c h e a r t m u s c l e l e s i o n s , 
g r o u p s of BIO 8262NÍJ h a m s t e r s were fed a low Ca d i e t . The a n i m a l s used 
d u r i n g t h e s t u d i e s were t h e o f f s p r i n g of f emales which were a l s o fed a low 
Ca d i e t d u r i n g p r e g n a n c y and p e r i o d of s u c k l i n g ; t h e y a r e d e s i g n a t e d BIO 
8262Ni j ( low C a ) . The d i e t was p r e p a r e d by Hope Farms NV (Woerden, The 
N e t h e r l a n d s ) and c o n s i s t e d o f : 16% c a s e i n , 10% c o r n , 10% s t a r c h , 10% 
g l u c o s e , 41% wheat f l o u r , 5% c e l l u l o s e , 1% y e a s t , 4% sun f lower o i l , 1.2% 
KH2PO4, 0.4% NaCl , 0 .3% MgO, 1.3% v i t a m i n e s / t r a c e e l e m e n t s , 0 .2% 
m e t h i o n i n e . T h i s d i e t c o n t a i n e d o n l y 0.08% c a l c i u m , whereas t h e s t a n d a r d 
d i e t c o n t a i n e d 1.16% c a l c i u m ( a n a l y s i s by t h e C e n t r a l I n s t i t u t e fo r 
N u t r i t i o n and Food R e s e a r c h TNO, Z e i s t , The N e t h e r l a n d s ) . 45 BIO 8262NÍJ 
h a m s t e r s , aged 40 d a y s , were used t o d e t e r m i n e t h e e f f e c t of a low d i e t a r y 
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Figure 3.2. Effect of a dietary low calcium intake on calcium concentration in serum 
of BIO 8262Nij hamsters. Animals, 40 days of age, were fed pellets containing 0.08» 
of calcium. Each value represents the mean + SD in 5 hamsters. 
calcium intake on the serum calcium concentration. Blood samples were taken 
(by orbital puncture) after 5, 10, 14, 19, 24, 28, 33, 72 and 79 days of 
low calcium intake. Serum calcium concentrations were determined according 
to Schwarzenbach (1955) and Sarkav & Chaukan (1967), using a Boehringer 
(Mannheim, PRG) test kit for calcium. The results are shown in fig. 3.2. 
3.4. HISTOPATHOLOGY 
For histopathological and morphometric-stereological studies 83 dystrophic 
and 86 control hamsters, 2, 4, 8, 12, 24 and 36 weeks of age were used. 
Moreover, 22 BIO 8262Nij(low Ca) hamsters were studied, which were 
sacrificed at 2, 4, 8, 12 and 36 weeks of age. Animals were killed by 
decapitation or after anaesthesia (see below). Body weights were determined 
prior to tissue fixation. When immersion fixation was applied, both heart 
and skeletal muscle tissue was taken from the same animal. After perfusion 
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fixation, either heart or skeletal muscle was taken from the animal. 
For the hietopathological and histochemical studies the animals were killed 
by decapitation. Heart and left quadriceps muscles were quickly removed and 
frozen by immersion in isopentane, which was cooled in liquid nitrogen. 
Serial cryo-sections (8 m) were stained with haematoxylin eosin (HE), 
modified Gomori trichrome, von Kossa, Alizarine red S, or were stained for 
5 ' -nucleotidase , adenosine triphosphatase (ATPase, pH=4.3), NADH 
Tetrazolium reductase and succinate dehydrogenase (SDH) activity. Fibre 
type classification was performed according to Brooke & Kaiser (1970). For 
electron microscopy, a fixative solution containing 2% glutaraldehyde in 
0.1 M Na-cacodylate and 4% sucrose (530 mosmols) was used. The choice of 
this fixative was based on the study reported in chapter 4. The 
glutaraldehyde fixatives were prepared from a highly purified 70% 
glutaraldehyde stock solution (EMS, Fort Washington, USA). In cases of 
immersion fixation, animals were anaesthetized with ether. After opening of 
the thorax, the beating hearts were quickly excised, rinsed in 
physiological saline and immersed in the cold fixative solution. After 
about 10 minutes, the midwall of the left ventricle was excised and cut in 
1 inm^  blocks. Fixation was continued for 24 hours in a fresh fixative. 
Prior to perfusion fixation, animals were anaesthetized by an 
intraperitoneal injection of 5 mg sodium-pentobarbital (Nembutal, Abbott 
Lab) and 500 IU heparin (Thromboliquine, Organon, The Netherlands) per 100 
g body weight. Perfusion of heart and quadriceps muscle was performed under 
a pressure of 100-120 mm Hg using a perfusion system as described by 
Veerman et al. (1974). The vena cava inferior was cannulated near the liver 
and the thoracic cavity remained closed during perfusion. Perfusion with 
the fixative during 10-15 minutes was preceded by perfusion with a 
physiological saline solution (1-2 min). Small tissue blocks of the midwall 
of the left ventricle and of the quadriceps muscle were prepared and 
fixation was continued for 3 hours in a fresh fixative solution. 
Fixed tissue blocks were rinsed overnight in cold 0.1 M Na-cacodylate 
buffer containing 4% sucrose (320 mosmols). Postfixation was carried out in 
2% OSO4 in 0.05 M veronal-acetate buffer (180 mosmols) for 1-2 hours at 
room temperature. Subsequently specimens were rinsed in veronal-acetate 
buffer (0.05 M; 140 mosmols) for 1 hour at room temperature. The pH of the 
fixative solutions and the rinse buffers was 7.4. After dehydration in 
graded series of ethanol and propylene oxide, the tissue blocks were 
embedded in Epon 812. Ultrathin sections (50-60 nm) were prepared on a 
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Table 3.1. Abbreviations used for the histological features 
of skeletal and heart muscle tissue. 
sm skeletal muscle 
mf muscle fibres 
hm heart muscle (myocardial layer) 
mc myocardial cells 
с capillaries 
cf collagen fibres 
cc connective tissue cells 
nu nuclei 
fi myofibrils 
m mitochondria 
Reichert UM III ultramicrotome using a diamond knife (Diatome Ltd, Bienne, 
Switzerland). Apparently compressed sections were discarded. For 
stereological studies, sections were mounted on either 100 mesh grids or on 
200 mesh grids for low and high magnification respectively. After staining 
with uranyl acetate and lead citrate the sections were photographed in a 
Philips EM 300 electron microscope. 
3.5. STEREOLOGICAL PROCEDURES 
3.5.1. HIERACHICAL MODELS OP HEART AND SKELETAL MUSCLE TISSUE 
Heart and skeletal muscle differ in their structural organization. 
Moreover, they each consist of morphologically distinct compartments. 
In the left ventricular wall of the heart, an epicardial, a myocardial and 
an endocardial layer can be discerned. The myocardial layer is composed of 
"branched" myocardial cells arranged in a complex of intermingled spirals 
that are surrounded by a circulatory system and connective tissue. The 
sarcolemma of the myocardial cells shows several types of specialization 
such as the T-system and the intercalated discs. The cell cytoplasm 
contains myofibrils, mitochondria, one or two centrally located nuclei and 
other organelles. A complete hierarchical model is presented in fig. 3.3. 
The reference spaces we have used in our studies are: heart muscle 
(myocardial layer) (hm), myocardial cells (mc), myofibrils (fi) and 
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Figure 3.3. Horphonetric nodel of heart muscle tissue. 
mitochondria (ra). Table 3.1. lists the abbreviations that are used for the 
various structures of heart and skeletal muscle that were quantified. 
Skeletal muscle tissue is mainly composed of bundles of long parallel 
multinucleate muscle fibres. The muscle fibre nuclei are located 
immediately beneath the sareolemma. A hierarchical model of skeletal muscle 
tissue is given in fig. 3.4. In our studies on skeletal muscle we have used 
2 reference spaces: skeletal muscle (sm) and muscle fibres (mf). 
In skeletal muscle, all muscle fibres have the same orientation parallel to 
the longitudinal axis of the muscle. Cutting such an anisotropic structure 
will yield different section images depending on the angle between the 
section plane and the structure. Any section through the myocardial layer, 
however, will cut the myocardial cells in an unpredictable direction. 
Therefore skeletal and heart muscle require a different stereological 
approach (see below). 
3.5.2. SAMPLING PROCEDURES 
Stereological data of heart and skeletal muscle were collected from 5 
animals per age group. Per animal, 5 randomly chosen tissue blocks were 
used for thin sectioning. Photographs of the sections were made on 35 mm 
film; diapositives from these photographs were made using an Illumitran 
(Bowens, England). Stereological analysis of the diapositives was performed 
using a modified Vanguard Motion Analyzer (Vanguard Instrument Corporation, 
USA). Images were projected on a 30x30 cm transparant screen fitted with a 
square lattice having a line spacing, d, of 10 or 15 mm. Morphometric 
analysis was performed by point and intersection counting. 
Heart muscle 
Піе various stereological parameters and their dimensions are listed in 
table 3.2. Identification of the various components is given as a subscript 
attached to the parameter symbol. The reference space is indicated 
following the comma. For example, volume density: Vvmc,hm indicates volume 
of myocardial cells (mc) per unit volume of heart muscle tissue (hm). The 
parameters 1-12 were estimated on immersion-fixed tissue and the parameters 
13-16 on perfusion-fixed tissue. 
Morphometry of the heart muscle was performed on micrographs of randomly 
orientated sections. For the estimation of the capillary profile density, 
only sections that appeared transversely orientated were used. Since the 
various structures analyzed show a broad range in size and density, the 
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Figure 3.4. Horphcmetric «odel of skeletal nuecle tissue. 
morphometric data were collected at three levels of magnification. For 
stereological analysis at the tissue level of organization (parameters 1-
12; table 3.2) ultrathin sections (mounted on 100 mesh grids) were used. 
From each section, 5 non-overlapping micrographs sampled systematically, 
were taken at an approximate magnification of 350x and analyzed at 3750x 
magnification. From each animal, a total section area of 0.16 mnr was 
analyzed. 
For analysis at the cellular level (parameters 13-15; table 3.2) sections 
of heart muscle mounted on 200 mesh grids were used. From each section, 5 
micrographs were sampled systematically by taking the micrographs in the 
left upper corner of consecutive grid holes at a magnification of about 
1250x. From each animal, a total section area of 0.0115 mm2 was analyzed. 
For magnification calibration, a 2160 lines/mm replica (Agar Aids, England) 
was photographed on each film. 
Parameter 16 (table 3.2) was estimated on micrographs with a final 
magnification of 18500x. A total section area of 0.0092 mm2 was analyzed 
per animal. 
Skeletal muscle 
Hie stereological parameters estimated on skeletal muscle are listed in 
table 3.3. All measurements were performed on transverse sections. In the 
case of immersion-fixation, fibre kinking occurs when the muscle biopsy is 
not clenched. It is therefore not possible to obtain sections at specified 
sectioning angles using this fixation method because both fibre kinking and 
fibre contraction affect the anisotropy of the capillary system. This 
affects the data on the capillary profile density obtained from 
transversely orientated sections (Mathieu et al., 1983; Zumstein et al., 
1983). For this reason we have used perfusion-fixed skeletal muscle in 
these studies. For stereological analysis at the tissue level of 
organization, micrographs were taken at a magnification of about 185x and 
analyzed at a final magnification of approximately 2000x. Sampling 
procedures were identical to those used for heart muscle at the tissue 
level. From each animal a total section area of 0.56 mm2 of the quadriceps 
muscle was analyzed. For purposes of magnification calibration, a replica 
of 600 lines/mm (Ladd Research Industries, Inc., USA) was recorded on each 
film. 
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Table 3.7. Stereological param^tpi-s of heart шичсІР. 
Definition Symbol Dimension 
1. Volume density of myocardial cells 
2. Numerical density of myocardial cells 
3. Mean volume of myocardial cells 
4. Volume density of myocardial cell nuclei 
5. Volume density of myocardial cell nuclei 
6. Numerical density of myocardial cell nuclei Nvnu,hm 
7. Mean volume of myocardial cell nuclei 
8. Volume density of capillaries 
9. Volume density of capillaries 
10. Capillary profile density 
11. Volume density of collagen fibres 
12. Volume density of connective tissue cells 
13. Volume density of myofibrils 
14. Volume density of mitochondria 
15. Volume density of mitochondria 
16. Surface-to-volume ratio of mitochondria 
vVmc,hm 
^VmCfhm 
v
mc 
v
vnu,hm 
vVnu,mc 
NVnu,hm 
v
n u 
Vvc,hm 
v Vc
 r
mc 
NAc,hm 
vVcf,hm 
vVcc,hm 
v Vfι ,mc 
vVm,mc 
v Vm,fi 
Sm/Vm 
mm
u 
mm
-3 
μιη3 
nim° 
mm° 
mm
-3 
μπι3 
mm
0 
mm" 
mm
-2 
mmO 
mmO 
mm
0 
mm" 
mm
0 
m2/( 
3.5.3. CALCULATIONS 
Volume densities were calculated using the formula as indicated by Weibel 
(1979): V
v
 = P/p ( 1 ) 
The numerical density of the myocardial cells (Мудс^щ) and the myocardial 
cell nuclei (N V n U /hm) was calculated from the profile density and the 
volume density of the myocardial cell nuclei ( N A n U r h m and Vynu hm' 
respectively. In cases of binuclearity of the myocardial cells, only one 
nuclear profile was counted. For these calculations the formula for 
constant shape particles developed by Weibel & Gomez was used: 
% = (Κ/β) . (NA3/2 / V v1/2) (2) 
(Weibel & Gomez, 1962? Weibel, 1979). 
In this formula N^ refers to the profile density and Vy to the volume 
density of the nuclei. The dimensionless shape coefficient β must be 
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Table 3.3. Stereological parameters of skeletal muscle. 
Definition 
1. Volume density of muscle fibres 
2. Mean muscle fibre cross-sectional area 
3. Surface-to-volume ratio of muscle fibres 
4. Muscle fibre profile density 
5. Volume density of collagen fibres 
6. Volume density of connective tissue cells 
7. Volume density of capillaries 
8. Capillary profile density 
9. Capillary profile density 
10. Capillary to muscle fibre ratio 
derived from the axial ratio of the nuclei (Weibel, 1979). To this end, the 
major and minor axes of 20 randomly photographed nuclear profiles were 
estimated per section (final magnification: 14000x), using a Videoplan 
semi-automatic image analyzing system (Kontron, FRG). The myocardial cell 
nuclei appear as prolate ellipsoids, since the dieuneters of the largest 
circular profiles equal the minor axes of the longest elliptical profiles 
of the nuclei. The profile axial ratios did not change significantly with 
aging. Moreover, a nuclear profile ratio of 3:1 was found for both control 
and diseased hamsters. This is consistent with the findings of Loud et al. 
(1978) for rat myocardial cell nuclei. The value for the shape coefficient 
β for prolate ellipsoids with an axial ratio of 3:1 is 1.95 (Weibel, 1979). 
In formula 2, К represents the size distribution coefficient, which is 
related to the coefficient of variation (CV) of the size distribution of 
the nuclei (Weibel, 1979). A CV of 40% for both the major and the minor 
axes of the nuclear profiles was found. К was estimated from the CV of the 
minor axes of the nuclei, since the minor axes of elliptic profiles, 
resulting from cutting prolate ellipsoids, are distributed in the same 
manner as the diameters of circles which result from cutting spheres 
(Wicksell, 1926; Weibel, 1980). After correction of the histograms for 
missing small profiles according to Weibel (1979), a Saltykov-
transformation (Saltykov, 1958) was applied to the corrected histograms, 
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Symbol Dimension 
vVmf,sm 
a
mf 
Smf/Vmf 
NAmf,sm 
v Vcf , sm 
v Vcc,sm 
v
v c , s m 
NAc,sm 
NAc,mf 
NNc ,mf 
nmi° 
μιη2 
m2/
a 
mm
-2 
mmO 
mm" 
mm
0 
mm"
2 
mm
-2 
resulting ia a CV of the nuclear minor ахеч of 30%. This gives a value of К 
of 1.14 (Weibel, 1979; 1980), which was applied in this study. Here too, 
there were no differences related to age or disease. 
The mean volume of the myocardial cells (v
m c
) was calculated from the 
volume density (V V m C rhm'
 a n d t h e
 numerical density (Nvmc,hm' o f t h e 
myocardial cells according to: 
v
mc = Vvmc,hm/MVmc,hm (3) 
The surface-to-volume ratio of the mitochondria (SA) was calculated using 
the formula for isotropic tissue: 
Sm/Vm = Im / (Pm- a) (4) 
(Weibel, 1979). !,„ refers to the number of intersections of the 
mitochondrial outermembrane with both the horizontal and vertical lines of 
the test system (Hoppeler et al., 1973). Рщ and d refer to the number of 
test points on the mitochondria and the line spacing of the test system 
respectively. 
Capillary and muscle fibre profile densities (Мд
с
 and N^mf respectively), 
the capillary to fibre ratio (N^ C i mf) and the mean muscle fibre cross-
sectional area (a
m
f) were calculated according to Zumstein et al. (1983) 
from the number of profiles (N
c
 and Nmf) per unit area (A) of reference 
space : 
N A = N / (P . d
2) (5) 
The capillary to fibre ratio (N N c mf) was calculated from the number of 
capillary profiles (N
c
) per number of muscle fibre profiles (N
m
f): 
NNc,mf = N
c
 / Nmf (6) 
All non-lymphatic vessels showing a continuous basal lamina, but without a 
continuous cellular layer external to the endothelium were considered to be 
capillaries (Brodai et al., 1977). 
The mean muscle fibre cross-sectional area (a
m
f) was calculated from the 
volume density of the muscle fibres (Vy^f sm' an<^ ^ e muscle fibre profile 
density (Идш^з,,,): 
a
mf = pPmf,sm/NAmf,sm (7) 
Profile numbers were counted using the "forbidden line" rule of Gundersen 
(1977). 
The surface-to-volume ratio of skeletal muscle fibres (S
m
f/v
m
f) was 
calculated using the formula for anisotropic tissue, assuming that the 
muscle fibres are circular cylinders: 
Smf/Vmf = <*/*) · dmf/Pmf.d) (8) 
(Weibel, 1972; 1979). I
m
f refers to the number of intersections of the 
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sarcoleinma with the test lines, P
m
f and d refer to the number of test 
points on the muscle fibres and the line spacing of the test system 
respectively. 
From the primary data collected, the final parameters were calculated as 
ratios of the sums. No correction for section thickness and compression was 
made. For all the parameters estimated, the standard error of the ratio 
(SER) was calculated after pooling the data obtained on each animal per age 
group (Cochran, 1977). Data obtained for the various estimated parameters 
cannot be assumed to follow a normal distribution (not tested). Therefore 
Wilcoxon's two sample test was used. Differences were considered 
significant when ρ values were less then 0.05. For collecting the primary 
data, for calculation of the parameters and for statistics, use was made of 
a Hewlett-Packard 9820A calculator (Stols et al., 1979). 
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4. ULTRASTRUCTURAL PRESERVATION OF HEART MUSCLE MITOCHONDRIA. 
A STEREOLOGICAL STUDY ON THE OSMOTIC EFFECTS OF GLUTARALDEHYDE FIXATIVES. 
4.1. INTRODUCTION 
In all viable cells, normal functioning depends on a balanced relationship 
in the densities (i.e. the quantities per unit volume or per unit area) and 
in the efficacy of the various cooperating cellular constituents. In cells 
with an intricate internal structural organization, such as striated muscle 
cells, normal functioning also depends on the maintenance of the particular 
spatial arrangement of the mutually interacting cellular components. 
Alterations in this respect lead to cellular dysfunction and will 
eventually interfere with organ function. Morphometric-stereological 
methods are particularly suited for the gathering of information on the 
dimensions and the densities of the objects constituting the spatial 
histological structure. 
During preparation for histological examination, striated muscle tissue may 
undergo volume changes caused by swelling or shrinkage during fixation, 
dehydration or embedding (Gerdes et al., 1982). It cannot be assumed that 
all subcellular components will undergo the same degree of shrinkage or 
swelling. Volume changes will in particular be dependent on the 
concentration of the fixative and the osmolanty of the fixative vehicle. 
In the recent past, a considerable number of morphometric studies on heart 
muscle tissue under normal and pathological conditions have been conducted 
(Herbener et al., 1973; Sachs et al., 1977; Anversa et al., 1978; Guski et 
al.,1981; Anversa et al., 1982; Goldstein & Murphy, 1983; Gotoh, 1983). In 
particular, the mitochondrial compartment received much attention. This is 
understandable in view of the central role these organelles play m the 
energy metabolism, and possibly also in the contraction-relaxation cycle, 
of the cardiocyte (Lehninger, 1974). Since mitochondria are extremely 
sensitive to changes in osmotic pressure, they can be used as test sites to 
detect shrinkage or swelling. It is remarkable that, to the best of our 
knowledge, no systematic studies have been conducted to determine the 
effects of fixation on heart muscle mitochondria. We therefore investigated 
the effect of different glutaraldehyde fixative osmolanties on the 
ultrastructural appearance and on the S/V ratio of heart muscle 
mitochondria. 
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4.2. MATERIALS AND METHODS 
4.2.1. ANIMALS 
Nine male Cqb: SE mice, 2 months old and weighing 20-25 gr , were used for 
t h i s s tudy. They were a n a e s t h e t i z e d by an i n t r a p e r i t o n e a l in jec t ion of 6 mg 
s o d i u m - p e n t o b a r b i t a l (Nembuta l , Abbott Lab) per 100 gr body weight, 
conta ining 0.2 mg heparin (Thromboliquine, Organon) per 100 ml blood. 
4.2.2. HISTOLOGICAL PROCEDURES 
Perfusion fixation of the hearts with glutaraldehyde (Merck 25% stock 
solution) was performed under a pressure of 100-120 mm Hg using a perfusion 
system as described by Veerman et al (1974). The glutaraldehyde was 
filtered on charcoal according to Gillet & Gull (1972). UV absorption 
spectra were made using a spectrophotometer (Unicam SP 800). The vena cava 
was cannulated near the liver and the thoracic cavity was closed during 
perfusion. Prior to fixation the blood was flushed out with an electrolyte 
solution (Tutofusin, Pfrimmer Pharmazeutische Werke, FRG), containing 140 
mM NaCl, 5 mM KCl, 2.5 mM СаСІ2.2Н20 and 1.5 mM МдСІг.бНгО (300 mOsm, pH = 
7.4). 
After a perfusion fixation period of 10 minutes, the hearts were excised. 
Small tissue blocks (1 пщЗ) of the left ventricular wall vrere immersed for 
4-6 hours in the same fixative solution. The blocks were rinsed overnight 
in a buffer solution which had the same composition as had the fixative 
vehicle. 
Postfixation was effected in 2» OSO4 in 0.1 mM veronal-acetate (210 
mosmols, pH = 7.4) for 1 hour. After postfixation the specimens were rinsed 
in 0.1 M veronal-acetate (140 mosmols, pH 7.4), dehydrated in increasing 
concentrations of ethanol (30% - 100%), treated with propylene oxide and 
embedded in Epon 812. 
Ultrathin sections (50 nm) were prepared using a Reichert UM III 
ultramicrotome fitted with a diamond knife. Compressed sections were 
stretched out to their uncompressed length. Sections were mounted on 200 
mesh grids, stained with uranyl acetate and lead citrate and photographed 
on 35 mm film (Kodak) using a Philips 300 transmission electron microscope. 
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4.2.3. GLUTARALDEHYDE FIXATIVES 
Nine different glutaraldehyde fixatives have been tested in this study. The 
concentration of the glutaraldehyde solutions was calculated from the 
measured extinction at 280 ran and a calibration line made of different 
concentrations of highly purified glutaraldehyde (70% stock solution, Ladd 
Research Industries, Ine USA). The osmolarity of the solutions was 
determined by freezing-point depression using an osmometer (Advanced 
Instruments). 0.1 M Na-cacodylate with or without sucrose was used as a 
fixative vehicle and rinse buffer. 
The total osmolarity (4t) of a glutaraldehyde fixative equals the sum of 
the osmolarities of glutaraldehyde (Mg) and the fixative vehicle (Mv): Mg + 
Mv = Mt (see table 4.1). The pH of the fixatives and the rinse buffers was 
7.4. 
4.2.4. STEREOLOGY 
The sampling procedure for the stereological measurements was performed aa 
described by Weibel (1979). Per mouse, 5 tissue blocks were randomly chosen 
and per tissue block one section was used^ Per section, 5 electron 
micrographs were taken systematically at an electron optical magnification 
of IIOOx. For calibration, a cross grating replica (2160 lines/mm. Agar 
Aids) was recorded on each film. 
Contact prints were projected onto a 30x30 cm screen (Vanguard Motion 
Analyzer, Vanguard Instrument Corporation, USA), fitted with a transparent 
square lattice which had a line distance (d) of 15 mm. Measurements were 
performed at a final magnification of 14000x. The surface-to-volume ratio 
of the mitochondria (S/V) was determined by point and intersection counting 
according to the formula: 
S/V = (Im/Pm.d) .Q. (Hoppeler et al., 1973) 
In this equation Im is the number of intersections of the horizontal and 
vertical lines of the testgrid with the outer membrane of the mitochondria, 
Pm is the number of testpoints on the mitochondria, d is the distance 
between the testlines and Q is the final magnification. 
A Hewlett Packard 9Θ20Α programmable calculator was used for point and 
intersection counting, for calculation of the stereological parameters and 
for the statistical evaluation of the data (Stols et al., 1979). The data 
are presented as the mean 4^  standard error of the ratio (Cochran, 1963). 
Wilcoxon's two-sample test was used for statistical analysis. Differences 
were considered significant when ρ values were less than 0.05. 
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Table 4.1. Composition and osraolarities of the 9 glutaraldehyde fixatives tested. 
fixative glutaraldehyde fixative vehicle' 
no. concentration Mgb sucrose Mv13 Mt15 
(%) (mosmols) concentration (%) (mosmols) (mosmols) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
2 
4 
6 
2 
4 
6 
2 
4 
6 
287 
596 
832 
284 
593 
914 
298 
623 
974 
-
-
-
4 
4 
4 
12 
12 
12 
196 
196 
196 
315 
315 
315 
564 
564 
564 
493 
792 
1028 
599 
908 
1229 
862 
1187 
1538 
: 0.1 M Sodium-cacodylate with or without sucrose 
: Mg = osraolarity of the glutaraldehyde, Mv = osmolcirity of the fixative vehicle, 
Mt = total osraolarity of the fixative. 
4 . 3 . RESULTS 
4 . 3 . 1 . STRUCTURAL PRESERVATION OF MITOCHONDRIA 
The a s e of t h e v a r i o u s g l u t a r a l d e h y d e f i x a t i v e s r e s u l t e d i n a s t r o n g l y 
v a r i a b l e u l t r a s t r u c t u r a l a p p e a r a n c e of t h e m i t o c h o n d r i a ( s e e f i g s . 4 . 1 -
4 . 3 ) . On t h e o t h e r h a n d , t h e e f f e c t of a p a r t i c u l a r f i x a t i v e on t h e 
u l t r a s t r u c t u r e of t h e m i t o c h o n d r i a a p p e a r e d t o be i d e n t i c a l t h r o u g h o u t a 
w h o l e t i s s u e b l o c k . O n l y a b r i e f d e s c r i p t i o n of t h e m o r p h o l o g i c a l 
a p p e a r a n c e o f t h e m i t o c h o n d r i a a s r e l a t e d t o v a r i a t i o n i n t h e t o t a l 
o s m o l a r i t y of t h e f i x a t i v e i s g i v e n b e l o w . 
A f t e r f i x a t i o n w i t h t h e f i x a t i v e s 1, 2 and 3 ( w i t h a h y p o t o n i c f i x a t i v e 
v e h i c l e ) , t h e m i t o c h o n d r i a l p r o f i l e s t e n d t o be c i r c u l a r i n o u t l i n e ( s e e 
f i g 4 . 1 ) . P a r t i c u l a r l y a f t e r f i x a t i o n w i t h t h e f i x a t i v e s 1 and 2 , t h e 
m i t o c h o n d r i a l m a t r i x a p p e a r s t o be s w o l l e n , which h a s l e d t o an i n c r e a s e d 
i n t e r c r i s t a l s p a c e . S i n c e t h e c n s t a e d o n o t e x t e n d o v e r t h e t o t a l w i d t h of 
t h e m i t o c h o n d r i a , e l e c t r o n l u c e n t a r e a s i n t h e m a t r i x c a n be s e e n . 
Sometimes t h e s w e l l i n g of t h e m i t o c h o n d r i a h a s l e d t o a d i s r u p t i o n of t h e 
o u t e r m e m b r a n e . E n l a r g e m e n t of t h e i n t e r m e m b r a n o u s s p a c e was n e v e r 
o b s e r v e d . I t i s e v i d e n t from c o m p a r i s o n of f i g 4.1A w i t h f i g 4 . 1 С , t h a t an 
i n c r e a s e of t h e g l u t a r a l d e h y d e c o n c e n t r a t i o n l e a d s t o a d e c r e a s e i n t h e 
s w e l l i n g of t h e m i t o c h o n d r i a . 
A f t e r f i x a t i o n w i t h t h e f i x a t i v e s 4, 5 and 6 ( w i t h an i s o t o n i c f i x a t i v e 
v e h i c l e ) , t h e m i t o c h o n d r i a t e n d t o be l e s s c i r c u l a r and more e l o n g a t e d i n 
o u t l i n e ( s e e f i g 4 . 2 ) . In c o m p a r i s o n t o t h e f i x a t i v e s 1, 2 and 3 , t h e 
m i t o c h o n d r i a l m a t r i x h a s a more d e n s e a p p e a r a n c e and t h e i n t e r c r i s t a l 
s p a c e s seem t o be d e c r e a s e d . E l e c t r o n l u c e n t a r e a s i n t h e m a t r i x a r e no 
Figurf-s 4 . 1 , 4.2 and 4 . 3 . Ser ies of e l e c t r o n micrographs of mitochondria from mouse 
h e a r t ( l e f t v e n t r i c u l a r w a l l ) a f t e r f i x a t i o n in nine d i f f e r e n t g lutara ldehyde 
f i x a t i v e s , having varying o s m o l a r i t i e s . The f i x a t i v e s used cons i s ted of e i t h e r a 
hypotonic ( f i g . 4 . 1 ) , an i s o t o n i c ( f i g . 4.2) or a hypertonic ( f i g . 4.3) f i x a t i v e 
v e h i c l e and containing 2% ( f ig . 4. 1A, 2A and ЗА), 4% ( f i g . 4 . IB, 2B and 3B) and 6% 
( f i g . 4.1С, 2C and 3C) g lutara ldehyde r e s p e c t i v e l y . The micrographs demonstrate t h a t 
the osmolari ty of the f i x a t i v e s not only inf luences the s ize and the e l e c t r o n dens i ty 
of t h e m i t o c h o n d r i a l matrix compartment, but a l s o has an e f fec t on the general 
o u t l i n e (rounded vs . eleongated or polymorphic) of the mitochondrial p r o f i l e s , thus 
af fect ing morphometnc-s tereo log ica l parameters ( f . e . the mitochondrial s u r f a c e - t o -
volume r a t i o ) . 20000X. 
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longer observed. Nevertheless, some variations in shape between individual 
mitochondria may exist, which seem to decrease with an increased 
glutaraldehyde concentration (compare fig 4.2A with fig 4.2C). 
Fixation with the fixative solutions 7, 8 and 9 (with a hypertonic fixative 
vehicle) leads to densely contrasting mitochondria with a polymorphic or 
elongated shape (see fig. 4.3). The intercristal space is decreased. Now 
the intracristal space distinctly contrasts with the very dense 
mitochondrial matrix. Within this group of fixatives, the increase of the 
glutaraldehyde concentration does not cause any noticeable difference in 
the ultrastructure of the mitochondrial profiles (compare figs. 4.ЗА, В and 
С). 
4.3.2. STEREOLOGY 
In order to estimate the changes in relative size and/or shape of the 
mitochondria after fixation with the nine different fixative solutions, the 
S/V of these organelles was determined. A decrease in this ratio indicates 
either an increase in the size of the mitochondria or a change in the shape 
of the organelles to a more spherical shape (since spheres have the 
smallest surface-to-volume ratio among the geometric solids), or both. The 
data obtained for S/V are presented in table 4.2; the statistically 
significant differences are indicated. The S/V ratios show only small 
differences within each of the 3 groups having a constant osmolarity of the 
fixative vehicle and an increasing concentration of glutaraldehyde. Only 
between fixative 1 and 2 was a statistically significant change in S/V 
found. Raising the osmolarity of the fixative vehicle by the addition of 4% 
or 12% sucrose resulted in statistically significant changes in the S/V 
values with the three glutaraldehyde concentrations used. 
4.4. DISCUSSION 
It is well known that the fixatives most commonly used for electron 
microscopic studies may osmotically act upon the cellular substructures and 
organelles. However, there is still considerable controversy concerning the 
relative contribution of the fixative constituents to the effective 
osmolarity of the fixative. A number of reports suggest that the osmolarity 
of the fixatives vehicle is of major importance for optimal preservation of 
the tissue and that glutaraldehyde exerts only minor osmotic effects (Bone 
& Denton, 1971; Bone & Ryan, 1972; Korneliussen, 1972; Rasmussen, 1974; 
Arborgh et al., 1976; Tisdale & Nakajima, 1976; Collins et al., 1977). On 
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Table 4.2 Surface-to-volume ratios of heart muscle mitochon­
dria (S/V) after fixation with the nine glutaraldehyde 
fixatives. 
S/V Fixative 
4 . 
5 . 
5. 
5, 
5, 
6. 
7, 
7, 
7, 
(m 2 
. 9 6 
. 0 5 
. 35 
. 8 9 
. 9 4 
. 12 
. 2 3 
. 2 0 
. 2 7 
) 1 
' /cm" 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
') 
16 
11 
04 
, 1 2 
, 0 5 
, 0 9 
, 2 0 
, 1 2 
. 2Θ 
no 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Fixative no 
Values are presented as mean ^ standard error of the ratio 
(SER). The statistically significant changes are indicated 
by + (p less than 0.05). 
the other hand, it has repeatedly been claimed (Barnard, 1976; Mathieu et 
al., 1978; Dyck et al., 1980; Gerdes et al., 1982; Lee et al., 1982) that 
the contribution of the glutaraldehyde to the effective osmolarity of the 
fixative cannot be neglected. Although it is accepted that sucrose exerts 
an osmotic effect (Konwinski et al., 1974; Arborgh et al., 1976; Barnard, 
1976; Collins et al., 1977), the extent to which this additive contributes 
to the effective osmolarity of the glutaraldehyde fixative is still 
unknown. 
Our findings clearly indicate that the heart muscle mitochondria strongly 
react to changes in the total osmolarity of the fixative. The use of a 
hypotonic fixative vehicle leads to swelling of the mitochondria and to a 
decrease of the mitochondrial surface-to-volume ratio. On the other hand, a 
hypertonic fixative vehicle induces shrinkage of the mitochondria and 
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results in an increase of S/V. An increase of the sucrose concentration to 
12% results in a distinct change in the fine structural appearance of the 
mitochondria, with distinct shrinkage and a significant increase of S/V at 
all three glutaraldehyde concentrations used. The effect of an increase in 
the glutaraldehyde concentration on the ultrastructural appearance of the 
mitochondria and on the S/V of these organelles can only be registered when 
a hypotonic fixative vehicle is used. The effect of increasing the 
glutaraldehyde concentration is not evident when an isotonic or a 
hypertonic fixative vehicle is used. 
It appears that the osmotic effects of the glutaraldehyde and the fixative 
vehicle are not independent of one another. When the glutaraldehyde 
concentration is increased from 2% to 6% in a hypotonic fixative vehicle 
the value of S/V is significantly increased. However, an identical increase 
in the glutaraldehyde concentration in an isotonic or a hypertonic fixative 
vehicle does not result in a significant change of the value of S/V. This 
is in accordance with the findings of Mathieu et al. (1978). These authors 
noted a reduction in the effect of glutaraldehyde with increasing 
osmolarities of the fixative vehicle. We found that the effect of increased 
sucrose concentration on the value of S/V is less when a higher 
glutaraldehyde concentration is used. 
Our data demonstrate that sucrose as a fixative additive exerts a far 
stronger osmotic effect than does the glutaraldehyde. An increase in the 
total osmolarity of a certain fixative by the addition of glutaraldehyde 
results in a substantially smaller increase in the value of S/V (compare 
fixative 1 and 2) than when the total osmolarity of that fixative is 
increased to approximately the same value by the addition of sucrose 
(compare fixative 1 and 7). 
It has been demonstrated that after fixation with aldehydes, in particular 
after glutaraldehyde fixation, the cells are still sensitive to the 
osmolarity of the rinse buffer (Bone & Ryan, 1972; Korneliussen, 1972; 
Wangensteen et al., 1981; Lee et al., 1982). In view of the fact that 
glutaraldehyde contributes less to the effective osmolarity of the fixative 
than does the fixative vehicle (Barnard, 1976; Mathieu et al., 1978; this 
study), it is evident that the rinsing of aldehyde-fixed tissue with a 
buffer which is made isotonic to the total osmolarity of the fixative will 
cause hypertonic stress to the tissue. The effect of glutaraldehyde found 
by Mathieu et al. (1978) is therefore overestimated in our opinion. On the 
other hand, it cannot be excluded that the use of a rinse buffer which is 
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identical to the fLxative vehicle may reverse the osmotic effect of 
glutaraldehyde. If this is true, we should not find any differences in the 
S/V ratio after fixation with the three different glutaraldehyde 
concentrations in the same fixative vehicle. Our data, however, demonstrate 
that the S/V increases with an increase of the glutaraldehyde concentration 
when a hypotonic and an isotonic fixative vehicle is used. When measuring 
the S/V ratio, one has to consider that the shrinkage of the mitochondria 
may be limited. This perhaps explains why we found no change in S/V when a 
hypertonic fixative vehicle is used. Since it is generally accepted that 
osmium tetroxide destroys the semi-permeability of the cell membranes 
(Wangensteen et al., 1981; Lee et al., 1982), the tonicity of the 
postfixatives and subsequent rinse buffers is left out of consideration in 
this study. 
After fixation according to standard fixation procedures for electron 
microscopy the mitochondria exhibit the so-called Orthodox conformation' , 
with an expanded matrix space and a minimal intermembranous space 
(Hackenbrock, 1968). Our morphological findings show that a change in the 
osmolarity of the glutaraldehyde fixative is associated with a change in 
the volume of the matrix compartment; the intermembranous space seems not 
to be altered. A change in the osmolarity of the fixative will therefore 
not only affect the S/V ratio of the mitochondria, but also the so-called 
surface density of the cristae (surface of the cristae per volume 
mitochondria). This inorphometric parameter is often considered in 
pathophysiological studies of heart muscle (McCallister & Page, 1973; 
Lazarus et al., 1976; Smith & Page, 1976; Tate S Herbener, 1976; Colgan et 
al., 1978; Guski et al., 1980). 
From our studies we conclude that varying the osmolarity of the fixative 
affects the ultrastructural appearance and the S/V ratio of the 
mitochondria. Both the glutaraldehyde and the fixative vehicle contribute 
to the effective osmolarity of the fixative, but the fixative vehicle 
exerts by far the strongest osmotic effect. In view of this fact, and 
considering that glutaraldehyde fixation does not destroy the semi-
permeability of cellular membranes, the rinse buffer after glutaraldehyde 
fixation should not be made isotonic to the total osmolarity of the 
glutaraldehyde fixative, but isotonic to the tissue. In morphometric-
stereological studies of heart muscle tissue one has to take into account 
the effects of the osmolarity of glutaraldehyde fixatives in order to 
arrive at mutually comparable stereological data. 
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CHAPTER 5. 
HI STO PATH O LO G Y OF HEART AND SKELETAL MUSCLE OF 
BIO 8262NIJ HAMSTERS DURING POSTNATAL 
DEVELOPMENT WITH SPECIAL EMPHASIS ON 
MITOCHONDRIAL CALCIFICATION 

5 . HISTOPATHOLOGY OF HEART AND SKELETAL MUSCLE OF BIO 8 2 6 2 N I J HAMSTERS 
DURING POSTNATAL DEVELOPMENT WITH SPECIAL EMPHASIS ON MITOCHONDRIAL 
CALCIFICATION 
5.1. INTRODUCTION 
The time course and severity of the hereditary polymyopathy in Syrian 
hamsters appear to vary between the different lines, and may even vary 
between individuals of the same line (Homburger, 1979). In the UM-X7.1 line 
for example, the animals die from congestive heart failure, with 
characteristic signs of passive venous congestion (Jasmin & Proschek, 
1982). In the BIO 8262 line there is no apparent heart hypertrophy (Mohr et 
al., 1979), nor is there an apparent heart insufficiency (Stauch & 
Lossnitzer, 1975). Linked up with this, the histological expression of the 
disease may also vary. Because of differences in severity and progression 
of the disease among the various strains, the associated histopathological 
alterations have to be investigated for each local strain. Moreover, after 
a number of generations of inbreeding, a decline in severity of the 
symptoms may occur. This chapter presents a description of the essential 
histopathological features of heart and skeletal muscle during the course 
of the dystrophy process in BIO 8262Nij hamsters. Bnphasis is placed on the 
subcellular pathological changes in the mitochondria and on their role in 
the process of calcification of the heart muscle tissue. 
5.2. MATERIALS & METHODS 
In this study the left ventricular wall of the heart and the quadriceps 
muscle of BIO 8262Nij and normal hamsters, aged 2, 4, 8, 12, 24 and 36 
weeks, were used. Per age group, 5-10 hamsters were used. The procedures 
followed for histological analysis were as described in chapter 3. 
Cale ium locali zat ion. 
"Яіе elemental composition of the calcium plaques in the heart muscle was 
studied by electron probe X-ray microanalysis. Use was made of a Cameca 
model Camebax MB1 microprobe, equipped with a Microtrace 30 iim2 energy 
dispersive (ED) lithium-drifted silicon X-ray detector. For peak 
identification and data processing a Tracor TN 2000 X-ray microanalysis 
system was used. 
Tissue sections of 100-300 nm thickness were collected on copper grids, 
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carbon-coate'l and studied without coaaterstaLning. Analysis was performed 
at 20 kV accelerating voltage with beam currents of 1.6 nA and a s-nall 
square scanned surface of 6.25 μτη^ . 
The process of calciEication in heart .Tiuscle mitochondria was studied using 
the antimonate precipitation technique. Samples of the left ventricular 
wall were treated with potassium pyroantimonate (KPA, Merck, Darmstadt, 
Germany) essentially according to the protocols of Slocum & Roux (1982). 
5.3. RESULTS 
5 . 3 . 1 . HISTOPATHOLOGTCAL FINDINGS IN THE HEART MUSCLE 
L i g h t m i c r o s c o p y r e v e a l s no a p p a r e n t a l t e r a t i o n s i n t h e h i s t o l o g i c a l 
p a t t e r n i n 2 and 4 week o l d d y s t r o p h i c a n i m a l s . A c o n s i s t e n t f i n d i n g , 
a l r e a d y i n t h e e a r l i e s t s t a g e s of t h e d i s e a s e , i s t h e s c a t t e r e d o c c u r r e n c e 
of m e s e n c h y m a l c e l l s w i t h a f i b r o b l a s t - l i k e a p p e a r a n c e i n p e r i v a s c u l a r 
r e g i o n s . H o w e v e r , e l e c t r o n m i c r o s c o p y r e v e a l s t h a t a t t h i s a g e a 
c o n s i d e r a b l e number of n u c l e i of m y o c a r d i a l c e l l s show c l u m p i n g and 
Figure 5 . 1 . Electron micrograph of myocardial c e l l of l e f t v e n t r i c u l a r wall of BIO 
a262Nij hamster, age 2 weeks. Cytoplasmic edema ( a s t e r i s k ) with focal disappearance 
of the myofibr i l s (Fi) i s p r e s e n t . The nucleus (Nu) shows clumping and margination of 
chromatin. Normal looking mitochondria (M) a r e abundant in the per inuclear reg ion. 
ІЗОООх. 
F i g u r e 5.2. Electron micrograph of p a r t of degenerat ing myocardial c e l l of l e f t 
v e n t r i c u l a r wall of BIO e262Nij hamster, age 8 weeks. Calcifying mitochondria (M) are 
present in between amorphous c e l l d e b r i s . Bm: basement membrane. IIOOOx. 
Figure 5.3. Phagocyte (Ph) within degenerating l e f t v e n t r i c u l a r myocardial c e l l of 
BIO 8262Nij hamster, age 8 weeks. Bm: basement membrane. IIOOOx. 
Figure 5.4. Marked f i b r o s i s ( a s t e r i s k ) i n t h e i n t e r s t i t i a l s p a c e of t h e l e f t 
v e n t r i c u l a r m y o c a r d i a l l a y e r of BIO 8262NÌJ hamster , age 12 weeks. Plaques of 
c a l c i f i e d mitochondria (M) are surrounded by f i b r o b l a s t s (F) and collagen f ib res 
(Cf) . 4800X. 
Figure 5 .5 . Electron micrograph of l e f t v e n t r i c u l a r myocardial layer of BIO e262Nij 
hamster, age 24 weeks. Severe i n t e r s t i t i a l f i b r o s i s with normal looking myocardial 
c e l l s (Mc), separated by massive bundles of col lagen f ib res (Cf) . A: a r t e r i o l e , C: 
c a p i l l a r y , F: f i b r o b l a s t . бОООх. 
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margination of the chromatin (Fig. 5.1). Such cells аічо show cytoplasmic 
edema, a diffuse appearance of Z-discs and signs of myof ibr illolysis. 
Myocardial cells with avident чідпз of necrosis are not seen at this stage 
of the disease. Electron microscopy reveals that at all stages of the 
dystrophic process investigated, focal dilatation of part of the 
intercalated discs occurs. 
In the left ventricular wall and the interventricular septum of 8 week old 
dystrophic animals foci of necrosis are present, which vary in size and 
stage of cellular degeneration. At this stage, the majority of such lesions 
already show signs of cellular infiltration. In particular, the large foci 
show extensive necrosis as well as signs of calcification. These foci are 
always invaded by numerous phagocytes. The affected areas show decreased 
activities in histochemical staining for ATP-ase (pH=4.3) and oxidative 
enzymes (NADH and SDH). At 8 weeks of age, calcified areas without 
recognizable remnants of the myocardial cells can occasionally be observed. 
In such lesions the number of fibroblasts appears to increase and small 
bundles of collagen fibres may already be present. Electron microscopy 
reveals that in the degenerating myocardial cells, the nuclei and the 
sarcolemmae have disintegrated or even have disappeared. However, remnants 
of the basal laminae may remain visible throughout the process of 
degeneration (figs. 5.2 and 5.3). Electron microscopy shows that the 
mitochondria of the myocardial cells are specifically involved in the 
formation of calcifying plaques. This process of mitochondrial 
calcification and plaque formation will be described in detail below. 
At the age of 12 weeks, recently formed foci of myocardial cell necrosis 
are rarely observed. The majority of the lesions now show distinct signs of 
replacement fibrosis in varying stages of progression. From the myocardial 
cells only fragmented basal laminae and clumped calcifying mitochondria 
remain. The fibroblasts in the affected areas have apparently increased in 
number, whereas the macrophages seem to have decreased. Multinucleate giant 
cells, often containing clumped, calcified muscle cell mitochondria, are 
regularly seen at this stage. 
At 24 and 36 weeks of age no newly formed lesions are observed in the left 
ventricular wall. The existing lesions have become large areas of scar 
tissue containing fibroblasts and irregularly arranged, densely packed 
bundles of collagen fibres. The calcified plaques of mitochondrial origin 
are always embedded in scar tissue (figs. 5.4 and 5.5). Myophagocytes and 
multinucleate giant cells are no longer observed at this stage of 
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card i omyopathy. 
5.3.2. HISTOPATHOLOGICAL FINDINGS IN THE M. QUADRICEPS 
Histograms of the fibre diameter distribution of 8 and 12 week old BIO 
8262NÍJ and control hamsters are presented in figs. 5.6 and 5.7. No 
apparent differences between diseased and control animals are noticeable. 
Histochemical staining for myofibrillar ATP-ase (preincubation at pH = 4.3) 
and SDH activity in mature quadriceps muscle of control hamsters reveals 
three types of muscle fibres; these presumably correspond with slow 
oxidative, fast glycolytic and fast oxidative glycolytic fibres. In 
addition to these three fibre types, the diseased hamsters show muscle 
fibres with an abnormal enzyme constitution. The proportion of the latter 
muscle fibre types increases from 19% at 2 weeks to 59% at 8 weeks of age; 
thereafter this percentage decreases to 36% at 12 weeks and to 10% at 36 
weeks of age. Since these fibres are stained either only faintly or 
uniformly blue in H.E.-sections, they are apparently involved in the 
process of degeneration and regeneration ("regen-degen" fibres). 
In the dystrophic animals, histological lesions are already present at the 
age of 2 weeks. Small isolated groups of muscle fibres have lost their 
normal cross-striation and appear hyaline or granular in H.E.-staining. 
Cellular infiltration is seldomly seen at this stage. Incidentally, 
isolated fibres show signs of necrosis. After the fourth week of age, the 
degenerative changes appear more conspicious and now whole fascicles become 
involved in the degenerative process. The necrotic foci contain muscle 
fibres undergoing hyalinization and coagulation necrosis. In addition, 
clusters of small basophilic fibres with internal nuclei are present. 
Myophagocytosis in the quadriceps muscle is most intense at 8 and 12 weeks 
of age. 
At the fine structural level, the affected fibres initially show an 
edematous appearance with swollen mitochondria. Subsequently, loss of the 
normal banding pattern with hypercontraction of the sarcomeres is observed 
(fig. 5.8). Concurrent with the disintegration of the sarcomere pattern, 
the sarcolemma often loses its continuity, although the basal laminae 
apparently remain intact. Individual myofilaments are no longer 
recognizable in such fibres; they have amalgamated into homogeneous masses 
of cellular debris. In disintegrated muscle fibres, the spherical 
mitochondria have clustered into large aggregates. Although the 
mitochondria contain numerous flocculent densities, calcium deposits 
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Figure 5.6. Histograms of diameters of quadriceps muscle fibres (n=500)f age 8 weeks. 
Left: BIO 8262Nij hamster, right: control hamster. 
Frequency (%>) 
80 π 
BI0 8262NÌJ 
nnean±SD 
42.13 ±13.83 
12weeks 
6 0 -
Д 0 -
20 
80 120 
Diameter (jum) 
Figure 5.7. Histograms of diameters of quadriceps muscle fibres (n=500), age 12 
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c o m p a r a b l e (• о t h o s e з е ^ т η h e a r t m u s c l e m i t o c h o n d r i a are· n o t o b s e r v e d 
( f i g . 5 . 9 ) . S u c h R e g e n e r a t i n g m u s c l e f i b r e s a r e a l w a y s i n v a d e d by 
p h a g o c y t e s ( f i g . 5 . 1 0 ) . 
At t h e age of 24 and 16 w e e k s , f i b r o b l a s t s , o n l y o c c a s i o n a l l y s e e n i n young 
a n i m a l s , h a v e i n c r e a s e d i n number a n d a m o d e r a t e p r o l i f e r a t i o n of 
c o n n e c t i v e t i s s u e h a s o c c u r r e d . In a l l s t a g e s s t u d i e d , t h e c a p i l l a r i e s do 
n o t show а р р а г е т - a o n o r m a l i t i e s . 
R e g e n e r a t i n g m u s c l e f i b r e s a r e c h a r a c t e r i z e d by t h e p r e s e n c e o f numerous 
n b o s o m e s , m i t o c n o n d - i a and p a r a c e n t r a l n u c l e i ( f i g s 5.11 and 5 . 1 2 ) . F o l d e d 
b a s a l l a m i n a e F r e q u e n t l y s u r r o u n d such f i b r e s . 
As th=> r e s u l t a n t of t h e d e g e n e r a t i o n and r e g e n e r a t i o n p r o c e s s e s t h e number 
of m u s c l e f i b r e s showing p a r a c e n t r a l n u c l e i i n c r e a s e s u n t i l 1? weejts of 
age (2 weeks , 9%; 4 weeks, 30%; 8 w e e k s , 38%; 12 w e e k s , 65% and 36 weeks , 
61%). Al though a t t h e a g e of 12 weeks r e g e n e r a t i o n h a s n o t c o m p l e t e l y 
F i g u r e 5 . 8 . Electron micrograph of p a r t of two quadriceps muscle f ibres of BIO 
8262tJi] hamster, age 4 weeks. The muscle f ibre to the l e f t shows an I n t a c t sarcomere 
p a t t e r n but markedly swollen mitochondria (M). To the r i g h t a degenerated muscle 
f i b r e showing c e n t r a l n u c l e i (Nu), p o l y r i b o s o m e s (R) and markedly s w o l l e n 
mitochondria (M). Myofibri ls in t h i s f i b r e are a l ready degenera t ing . IIOOOx. 
Figure 5.9. Electron micrograph of degenerat ing q u a d r i c e p s musc le f i b r e of BIO 
82 62N1] hamster, age 4 weeks. Mitochondria (M) show d i s i n t e g r a t i o n of i n t e r n a l 
s t r u c t u r e with formation of f locculent matr ix d e n s i t i e s (arrows) . ЭбОООх. 
Figure 5.10. Electron micrograph of a degenerat ing quadriceps muscle f ibre of BIO 
8262N1] hamster, age 4 weeks. Phagocyte (Ph) has invaded the n e c r o t i c muscle f i b r e . 
N o t e p h a g o c y t o s e d c l u s t e r s of musc le f i b r e m i t o c h o n d r i a ( a r r o w h e a d s ) . M. 
mitochondria, Kir basement membrane, C· c a p i l l a r y . ISOOOx. 
Figure 5.11. Electron micrograph of small regenera t ing muscle f ibre of m. quadriceps 
of BIO 8262N1J hamster, age 12 weeks. The muscle f ib re shows a large amount of 
nbosomes (R), small mitochondria (M) and some l i p i d d r o p l e t s ( L i ) . The myofibr i l s 
are not yet p r e s e n t . Note the large c e n t r a l l y located nucleus (Nu). lOOOOx. 
Figure 5.12. Survey e l e c t r o n micrograph of r e g e n e r a t i n g muscle f ibre of m. quadriceps 
of BIO 8262N1] hamster, age 12 weeks. P r o f i l e s of 6 p a r a c e n t r a l nuc le i (Nu) are 
p r e s e n t . Note the presence of l i p i d d r o p l e t s (Li) in the muscle f ibre and in the 
f i b r o b l a s t s (F) surrounding the f i b r e . С c a p i l l a r y . 4000x. 
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At the age o f 36 weeks, myofibre n e c r o s i s , myophagocytos is and r e g e n e r a t i o n 
o f muscle f i b r e s can s t i l l be observed, but the number o f l e s i o n s has 
g r e a t l y d i m i n i s h e d . 
5 . 3 . 3 . MITOCHONDRIA AND CALCIFICATION ( s e e f i g s . 5 . 1 3 - 5 . 1 6 ) 
I t appears t h a t t h e mitochondr ia of t h e myocardial c e l l s are p r i m a r i l y 
i n v o l v e d in t h e p r o c e s s of p a t h o l o g i c a l c a l c i f i c a t i o n of h e a r t muscle 
t i s s u e i n BIO 8262N1J h a m s t e r s . The s t r u c t u r a l a l t e r a t i o n s o f t h e 
mitochondria in the n e c r o t i z i n g and c a l c i f y i n g myocardial c e l l s p r o g r e s s 
through a s e r i e s of s t a g e s . In a d e s c r i p t i o n of t h e s e s t a g e s , i t i s of 
importance t o note t h a t the s t a g e s are of c o u r s e a r b i t r a r y p o i n t s in a 
c o n t i n u o u s p r o c e s s . The r a t e o f p r o g r e s s i o n o f t h e m i t o c h o n d r i a l 
c a l c i f i c a t i o n through each of the s t a g e s d e s c r i b e d below i s presumably 
v a r i a b l e . 
In e l e c t r o n microscopy, a mitochondrion with a c l o s e packing of the c n a t a e 
and a homogeneously e l e c t r o n dense matr ix wi th s e v e r a l matr ix g r a n u l e s , a s 
found in a m o r p h o l o g i c a l l y normal m y o c a r d i a l c e l l , i s c o n s i d e r e d t o 
r e p r e s e n t a normal mitochondrion ( s t a g e 1 ) . The f i r s t s i g n s of 
Figure 5.13. Series of electron micrographs i l l u s t r a t i n g the process of mitochondrial 
c a l c i f i c a t i o n in myocardial c e l l s of ΒΙΟ β262Νΐ] hamsters. A. Normal mitochondrion 
showing a homogeneous electron dense matrix and c lose packing of the c n s t a e . 27000x. 
B. Mitochondrion showing swelling of the matrix and fragmentation of the c n s t a e 
(arrows) . 27000x. C. Swollen mitochondrion showing formation of v e s i c l e - l i k e 
structures in the inner compartment (arrows). 24000x. D. Mitochondrion with d i s t i n c t 
morphological signs of c a l c i f i c a t i o n . Granular matrix dens i t i es with a doughnut-like 
appearance are present. Open-ended fragments of c n s t a e take a radial posit ion. Note 
the increased electron density of the inner membrane and of the fragmented c n s t a e . 
The outer mitochondrial membrane has almost completely d isappeared. 24000x. E. 
Aggregation of amorphous ce l lu lar debris around c a l c i f i e d mitochondria. 29000x. F. 
Formation of a compact layer of ce l lu lar debris around the mitochondria with "fusion" 
of these organel les. The progressive disintpgration of the mitochondrial structures 
goes with retraction of the inner compartment from the compact outer layer. 32000x. 
G. C a l c i f i e d mitochondr ia l p laque. Note the increased electron density at the 
periphery of the plaque. ЗЮООх. Η. Huge plaque of c a l c i f i e d mitochondria in a 
macrophage, showing remnants of some mitochondrial p r o f i l e s . 14000x. 
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m i t o c h o n d r i a l a l t e r a t i o a агч considsrerî to be the disappearance of the 
matrix granules ( f i g . 5.1 ЗА). 
Stage 2 mitochondria show swell ing of the inner compartment together with a 
r e s t r i c t e d enlargement of the i n t r a c r i s t a l space and p a r t i a l fragmentation 
of t h e c r i s t a e ( f i g . 5 . 1 3 B ) . P r o g r e s s i v e m i t o c h o n d r i a l damage i s 
accompanied by the occurrence of v e s i c l e - l i k e s t r u c t u r e s , which appear in 
an expanded inner compartment (stage 2a; f i g . 5 . 1 3 0 . Such v e s i c l e s tend to 
fuse with the mitochondria l inner and outer membranes and are u l t i m a t e l y 
extruded from the mitochondrion. We could not d e f i n i t e l y e s t a b l i s h whether 
a l l mitochondria pass through such a s t a g e of v e s i c l e f o r m a t i o n and 
e x t r u s i o n . 
At s t a g e 3, w h i c h i s c h a r a c t e r i z e d by mass ive s w e l l i n g of t h e 
mitochondrion, the f i r s t s igns of calcium depos i t ion can be observed. This 
c a l c i f i c a t i o n i s manifested by the d e p o s i t i o n of e l e c t r o n opaque m a t e r i a l 
along the c r i s t a e and along the inner mitochondrial membrane, as well as by 
t h e appearance of g r a n u l a r , doughnut- l ike, 200-300 ran d e n s i t i e s in the 
proximity of the c r i s t a e ( f i g . 5.13D). The c r i s t a e now frequently appear as 
open-ended p a r a l l e l s t a l k s , which are o r i e n t a t e d towards the centre of the 
mitochondrion. On the other hand, c r i s t a e may a l so l i e arcuated around the 
ca lc i fy ing granular d e n s i t i e s ( f i g . 5.13D). At t h i s s tage of mitochondrial 
c a l c i f i c a t i o n , the o u t e r mi tochondr ia l membrane g r a d u a l l y d i s a p p e a r s , 
whereas the inner membrane begins t o show an i r r e g u l a r o u t l i n e . Stage 3 
mitochondrial c a l c i f i c a t i o n i s usua l ly observed when mitochondria occur in 
d i s t i n c t c l u s t e r s . They are probably dr iven together pass ive ly by forced 
c o n t r a c t i o n of t h e remnants of the m y o f i b r i l l a r a p p a r a t u s . 
Figure 5.14. Schematic representation of the sequence of events during the process of 
calcification of mitochondria in necrot iz ing myocardial c e l l s of BIO 8262Nij 
hamsters. The f i r s t morphological signs of mitochondrial alteration (B) concern 
swelling of the matrix, fragmentation of the cristae and formation of vesicle-like 
structures (aster isk). The l a t t e r become involved in a process of fusion with the 
inner and outer membrane and presumably are extruded from the mitochondria. As judged 
by their increasing electron density, the inner membrane and the cristae play an 
important role in the i n i t i a l process of calcification (C). Subsequently electron 
dense granular matrix inclusions become apparent. At this stage of calcification the 
outer membrane has disappeared, giving free access for the cellular debris to adhere 
to the disintegrating mitochondria (D). The calcifying cristae often are open-ended. 
During the next stages of calcification (E,F) the growing outer layer of adhering 
cellular debris becomes calcified. 
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Figure 5.15. X-ray spectrum (ED) from a calcium plaque in heart muscle t i s sue. Note 
the large calcium (Ca) and phosphorus (P) peaks. 
At s t a g e 4, c a l c i f y i n g m i t o c h o n d r i a have completely l o s t t h e i r outer 
membrane and amorphous c e l l u l a r d e b r i s a d h e r e s t o t h e c a l c i f y i n g 
m i t o c h o n d r i a l i n n e r membrane. This adhering layer of c e l l u l a r debr i s 
appears to play a c r u c i a l r o l e in the formation of c a l c i f i e d mitochondrial 
plaques ( f i g . 5.13E). 
The t r a n s i t i o n to s tage 5 mitochondrial c a l c i f i c a t i o n i s character ized by a 
p r o g r e s s i v e c o n d e n s a t i o n of t h e c e l l u l a r d e b r i s l a y e r a r o u n d t h e 
mitochondrion, r e s u l t i n g in a fusion of the degrading organel les ( f i g . 
5.13F). At t h i s s tage of c a l c i f i c a t i o n , the e l e c t r o n dens i ty of the inner 
membrane has d i sappeared. Moreover, the c r i s t a e and the granular s t r u c t u r e s 
a l s o lose some of t h e i r e l e c t r o n d e n s i t y ( c a l c i f i c a t i o n ) . As a consequence 
of t h e d i s a p p e a r a n c e of t h e i n n e r membrane, a r e l a t i v e l y e l e c t r o n 
t r a n s p a r e n t zone develops in between t h e adhering outer l a y e r and t h e 
remnants of the mitochondrial inner compartment. 
Stage 6 i s c h a r a c t e r i z e d by the progress ive c a l c i f i c a t i o n of the adhering 
outer layer of c e l l u l a r d e b r i s ( f i g s . 5.13G and H). The e l e c t r o n d e n s i t y of 
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t h e o u t e r l a y e r main ly shows c a l c i f i c a t i o n a t the outer rim. In the 
ca lc i fy ing p laques , remnants of t h e mitochondria o r i g i n a l l y involved remain 
v i s i b l e . 
The s u c c e s s i v e s t a g e s o£ mitochondrial c a l c i f i c a t i o n a r e schematical ly 
presented in f ig . 5.14. 
X-ray microanalys is of the huge calcium plaques r e v e a l s d i s t i n c t Ca and Ρ 
peaks, presumably i n d i c a t i n g the depos i t ion of calcium phosphate ( f i g . 
5.15). 
The r e s u l t s of our a t tempts for s u b c e l l u l a r l o c a l i z a t i o n of calcium using 
the pyroantiraonate method are shown in f ig . 5.16. Mitochondria in t h e 
necrot iz ing myocardial c e l l s show a very dark p r e c i p i t a t e . In the i n t a c t 
muscle c e l l s , however, only a few antimonate p r e c i p i t a t e s a re loca l ized in 
the mitochondria ( f i g . 5.16A). D i s i n t e g r a t i n g mitochondria always show a 
very dark p r e c i p i t a t i o n with pyroantiraonate along the c r i s t a e and the outer 
zone. The granular calcium i n c l u s i o n s can be recognized by a dark per iphery 
and a lucent c e n t r e . Two success ive s tages of c a l c i f i c a t i o n are shown in 
f ig s . 5.16B and C. Frequent ly, a rim of f ine ly d i spersed e l e c t r o n dense 
granules can be observed around the mitochondria ( f i g . 5.16B). The calcium 
plaques in f ig . 5.16D and 5.16E are surrounded by a heavy p r e c i p i t a t i o n of 
antimonate, whereas the mitochondrial remnants in these plaques lack s igns 
of p r e c i p i t a t i o n . 
5.4. DISCUSSION 
I t appears from our study t h a t myocardial c e l l s in the BIO 8262NÌJ hamsters 
may d i s i n t e g r a t e by myocytolysis . However, the degenera t ive a l t e r a t i o n s 
u s u a l l y take the form of coagulat ion necros i s with myophagocytosis and 
c a l c i f i c a t i o n . The f i r s t h i s t o l o g i c a l expression of c e l l in jury i s 
Figure 5.16. Series of electron micrographs of degenerating myocardial cel ls of BIO 
â262Nij hamsters treated with potassium pyroantimonate to locate the si tes of calcium 
depositions. A. To the le f t , part of an intact myocardial cel l without precipitation 
of pyroantimonate. To the r ight , part of a necrotizing myocardial ce l l , showing 
mitochondria with heavy pyroantimonate precipi tat ion. . Note the presence of fine 
granular pyroantimonate precipitates in the i n t e r s t i t i a l space (asterisk). 7500x. В 
and C. Two successive stages of mitochondrial c a l c i f i c a t i o n , showing heavy 
precipitates of pyroantimonate along the inner membrane, the cristae and on the 
granular i n c l u s i o n s . 34000x. D and E. Mitochondrial plaques, showing intense 
precipitation of pyroantimonate at the periphery. ЮОООх. 
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cytoplasmic edema, focal myofibrillolysis, clumping and marqination of 
nuclear chromatin and swelling of the mitochondria. In more advanced 
stages, the myocardial cells show coagulation necrosis with 
hypercontraction of the myofibrils and disruption of sarcomeres, 
fragmentation or disruption of the sarcolemma and nuclei, and clustering 
and calcification of the mitochondria. Initially, the lesions are 
infiltrated by myophagocytes; later on multinucleate giant cells of the 
foreign body type are present in the affected foci. In the course of time 
myophagocytes and multinucleate giant cells disappear, and the lesions then 
consist of scar tissue containing irregularly arranged bundles of collagen 
fibres, fibroblasts and calcium plaques. 
With regard to the time course of the disease process in heart muscle of 
the BIO 8262Nij hamsters, our studies have shown that myocardial dystrophy 
develops through at least 3 overlapping stages. During the first stage, up 
to about 4 weeks of age, no obvious histopathological alterations are 
observable, not even at the ultrastructural level. Stage 2, from about 4 to 
12 weeks of age, is characterized by the onset of myocytolysis and 
necrosis. This stage is followed by a stage of fibrosis and calcium 
deposition in scar tissue (8 to 24 weeks of age). 
In the original description of the histopathological alterations in heart 
muscle of polymyopathic hamsters of the BIO 8262 strain, a similar time 
course of the disease has been described (Mohr & Lossnitzer, 1974; Galle et 
al., 1981). In polymyopathic hamsters of other related lines, such as the 
BIO 14.6, the BIO 53.58 and the ÜM-X7.1 lines, additional stages have been 
discerned (Bajusz, 1969; Gertz, 1972; Jasmin & Proschek, 1982), such as a 
stage which is characterized by reactive hypertrophy of the unaffected 
myocardial cells (stage 4, 150-250 days). During stage 5 (250-360 days) 
there is a decrease in heart function causing death from congestive heart 
failure. Hamsters of the BIO 8262 line do not show striking clinical signs 
of heart hypertrophy (Mohr et al., 1978) and congestive heart failure 
(Stauch & Lossnitzer, 1975). It is therefore of interest to establish 
whether between 24 and 36 weeks a stage of reactive hypertrophy of the 
unaffected myocardial cells also occurs in the BIO 82 62Nij hearts. This is 
investigated by morphometric means in chapter 7. 
As in myocardial cells, the quadriceps muscle fibres may also undergo 
myolysis, but most commonly the affected fibres disintegrate by coagulation 
necrosis. Here the initial alterations also consist of cytoplasmic edema, 
swelling of the mitochondria, focal myofibrillolysis and clumping and 
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margination of nuclear ohromal-in. Hypercontracted myofibres then occur, 
with loss of sarcomere pattern resulting in disintegration of sarcolemma 
and nuclei, although flocculent matrix densities appear in the degenerating 
muscle fibre mitochondria, calcification of the mitochondria has not been 
observed. 
Although the lesions are infiltrated by myophagocytee, multinucleate giant 
cells have not been observed in the quadriceps muscle. 
As is common in muscular dystrophies, loss of muscle fibres induces 
regeneration. The regenerating muscle fibres are characterized by 
paracentrally located nuclei and strong basophilia of the cytoplasm. 
Fibrosis and formation of scar tissue is not distinct in the quadriceps 
muscles of the BIO 82 62Nij hamster. Indeed, the severity of the disease 
process in the various dystrophic hamster strains varies considerably among 
the different skeletal muscles. The muscles of the hind limbs are usually 
only moderately affected. Calcification of mitochondria and the occurrence 
of calcified plaques are more common in the more severely affected skeletal 
muscles, such as the diaphragm and the tongue (Mohr & Lossnitzer, 1974; 
Jasmin & Proschek, 1982). Apparently, the severity and extent of the 
necrotic process in a given muscle are related to the strength or duration, 
and mode of action of any stimulus. 
In BIO 8262Nij muscle, necrosis is observed in all age groups 
investigated. The muscle is most severely affected at 8 weeks of age. 
Thereafter, the necrotizing process recedes. The extent of the process of 
regeneration follows the course of the necrotizing process. Since in 
regenerating muscle fibres the nuclei retain a paracentral position, we 
conclude from the increase in the number of centronucleated muscle fibres 
that regeneration reaches a maximum between 8 and 12 weeks of age. 
Thereafter regeneration recedes, probably as a result of an exhaustion of 
the satellite cell population in the affected areas. Alternatively, a 
decline in the extent of the process of myofibre degeneration may also be 
involved. Moreover, it can not be excluded that regenerated muscle fibres 
themselves become involved in the necrotizing process. 
It is important to note that in both heart and quadriceps muscle, the 
histopathological alterations occur focally in the muscle tissue. Foci of 
necrosis, consisting either of single fibres or of discrete groups of 
muscle cells, are randomly distributed between the unaffected muscle 
fibres. In heart muscle, the foci of necrosis are predominantly present in 
the left ventricular wall and in the interventricular septum. The reason 
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why the necrosis occurs focally in the striated muscle of the dystrophic 
hamster strain (as in the other polymyopathic hamster strains) is unknown. 
It has been postulated that the hereditary polymyopathy in these hamster 
strains is a consequence of a generalized membrane defect in the muscle 
cells which allows an increased influx of calcium into the cell and leads 
ultimately to cell death (Wrogemann a Nylen, 1978). If the genetic defect 
resides in all muscle cells of the striated musculature, than it is 
paradoxical that necrosis only occurs focally, in discrete groups of muscle 
cells, which are surrounded by apparently unaffected cells. This has caused 
some authors to suggest that a role for the microcirculation in the 
pathogenesis of the disease process cannot be ruled out (Factor et al., 
1982). 
In this respect it is important to note that the early appearance of 
fibroblast-like mesenchymal cells in the perivascular regions has been 
related by some authors to capillary injury, possibly elicited by a 
vasoactive amine (Jasmin & Eu, 1979). 
Oxe type of muscle fibre degeneration in our hamster strain may indeed be 
consistent with a vascular pathogenesis, because such lesions can also be 
experimentally produced by muscle ischemia followed by blood reperfusion 
(Trump et al., 1980; Jennings, 1984; Nayler 6 Elz, 1986). 
According to Trump et al. (1980) the degenerative cellular changes 
following ischemic injury, which are also observed in the necrotizing 
myocardial cells of our hamster strain, progress through a series of 
changes which are initially reversible, but which will result in cellular 
necrosis once a "point of no return" has been passed. The authors presented 
evidence that the initial signs of cellular damage, which consist of 
cytoplasmic edema, clumping and margination of nuclear chromatin and 
myofibrillolysis, are associated with a redistribution of ions upon loss of 
membrane potential (Trump et al., 1980; see also Jennings et al., 1985). 
This indicates that already in the prenecrotic stage of the disease, the 
myocardial cells suffer from a disturbance in cellular ion homeostasis. Tn 
accordance with this, Lossnitzer & Bajusz (1974) found significant changes 
in myocardial K+ and Na+ concentrations during the necrotic stages in the 
BIO 14.6 line. On the other hand, Lossnitzer et al. (1975) did not find 
alterations in the electrolyte contents of hearts of the BIO 8262 strain 
during the prenecrotic stage. 
Current ideas on the causes of muscle fibre necrosis in muscular 
dystrophies imply that intracellular calcium overload is an important 
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factor. Calcium accumulation in muscle fibres in human Duchenne muscular 
dystrophy has been demonstrated using cytochemical (Bodensteiner S Engel, 
1978) and biochemical techniques (Bertorini et al., 1982). How calcium 
accumulates is still unexplained, but it has been proposed that it enters 
the muscle fibres through sarcolemmal lesions. This process oE calcium 
influx will activate neutral proteases and cause lysis of myofibrils. 
Moreover it will impair mitochondrial function leading to a severe energy 
deficit in the muscle fibre. 
Recent immunocytochemical evidence supports the view that muscle fibre 
necrosis is linked to massive inflow of extracellular fluid and complement 
cascade activation (Engel & Biesecker, 1982; Cornelio 6 Dones, 1984). 
Since the transport of Ca2+ is one of the main functions of mitochondria 
(Carafoli et al., 1983), in an effort to maintain cytoplasmic calcium ion 
concentration within physiological limits, the mitochondria will sequester 
excess calcium ions. The increase of the calcium content within these 
organelles may initially be reflected by the swelling of the mitochondrial 
inner compartment and by the formation of vesicle-like structures under 
certain conditions (Post et al., 1985). 
On the basis of experiments on mitochondria from muscles of dystrophic 
Syrian hamsters, Wrogemann et al. (1975a; 1975b) have concluded that the 
defect in oxidative phosphorylation results from an abnormal loading of the 
organelles with Ca2+. They have proposed a scheme (Wrogemann & Pena, 1976) 
in which the increased penetration of Ca2 + into the cell forces 
mitochondria to accumulate it, diverting energy from the formation of ATP. 
In turn, the excessive loading of mitochondria with Ca2"1" may lead to 
irreversible damage to the energy production machinery, with the 
consequence that less and less energy becomes available for pumping Ca2"1" 
out of the cell (Stadhouders, 1981). The putative order of events following 
excess penetration of calcium ions into the injured myocardial cells will 
be discussed in chapter 10. 
A few final comments must be made on the morphological changes observed 
during massive mitochondrial calcium accumulation. It should be noted, 
however, that the appearance of calcium deposition may depend on the 
fixation procedures used (Hagler et al., 19 79). Swelling and distortion of 
the mitochondrial fine structure were the earliest lesions seen. The 
appearance of one or more vesicle-like structures then results in further 
distortion of the cristae. Progressive deposition of particulate, electron 
dense material on and between the cristae, and on the inner membrane then 
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occurs. These depositions contain calcium and phosphorus (Stols, 1987), 
which are most likely bound to the cardiolipins in the membranes (Dawson & 
Hauser, 1970). This observation indicates that the 20-50 nm electron opaque 
granules, which have frequently been indicated as initial loci for calcium 
accumulation (Ghadially, 1977) do not fulfill this function during 
myocardial calcification. 
The calcification process proceeds by the formation of doughnut-like 
granular densities (consisting of partially insoluble Ca/P ; Lehninger, 
1974) in the mitochondrial matrix in close association with the cristae. At 
this stage the mitochondria are functionally and structurally damaged and 
are no longer able to actively accumulate calcium. Tn contrast to the 
active calcium accumulation up to this stage, the formation of calcium 
plaques is an essentially passive process, possibly related to the rise in 
pH up to physiological levels (Trump et al., 1980). 
In conclusion, the increased influx of calcium into the myocardial cell 
followed by mitochondrial calcification plays an important role in the 
process of cell disintegration in the polymyopathic hamsters. This finding 
is in accordance with the supposed generalized membrane defect of the 
muscle cells. However, this cannot explain the focal nature of the 
pathology in muscle tissue. This will be discussed in more detail in the 
next chapter. 
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6.1. INTRODUCTION 
As was shown in the preceding chapter, multiple myolytic and necrotic 
lesions develop in heart and skeletal muscle of genetically inbred Syrian 
hamsters early in life. The suggestion that a generalized membrane defect 
in all muscle cells, may underlie this polymyopathy (Galle et al., 1981; 
Wrogemann & Nylen, 1978), however, can hardly explain the focal nature of 
the disease process. 
A number of histopathological findings have recently led to the suggestion 
that lesions of the microvasculature might also be involved in the 
pathogenesis of the Syrian hamster polymyopathy. Jasmin & Eu (1979) found 
proliferation of mesenchymal cells in perivascular regions early in life, 
which they related to the occurrence of capillary injury. In accordance 
with this, histochemical studies showed irregularities in the staining 
pattern of endothelial alkaline phosphatase activity of capillaries in non-
necrotic areas early in life (Factor et al., 1982; Jasmin & Bajusz, 1975). 
Indirect evidence also supports the concept that microvascular 
abnormalities are involved in the pathogenesis of the dystrophic disease 
process in this model. For example, administration of substances such as 
epinephrine, norepinephrine, serotonin and isoproterenol adversely affect 
the course of the disease (Jasmin & Bajusz, 1975; Lossnitzer et al., 1975; 
Bajusz et al., 1969). This led to the postulation that the polymyopathy in 
these hamster strains results from additive effects of progressive 
multifocal myocellular necrosis, which is possibly secondary to a 
catecholamine-induced microvascular spasm, damaging cells with a 
genetically determined membrane abnormality (Sole et al., 1975; Factor et 
al., 1982). 
Conventional electron microscopy techniques do not reveal structural 
abnormalities of the vascular bed of heart and skeletal muscle (chapter 5; 
Galle et al., 1981; Jasmin & Eu, 1979; Strobeck et al., 1979). Since it is 
unlikely that the thin sectioning technique will show up zones of vascular 
spasm, we applied the corrosion cast technique to compare the heart, tongue 
and quadriceps microvascular beds of normal and polymyopathic animals. The 
results of these studies are presented in this chapter. 
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6.2. MATERIALS & METHODS 
BIO 8262NÌJ hamsters of ages 3, 4, 6, 7, 8, 10 and 12 weeks and control 
hamsters of ages 4, 6 and 8 weeks were studied. A total of twenty BIO 
8262Nij and 12 control hamsters were used. The animals were anaesthetized 
by intraperitoneal injection of sodium pentobarbital (55 mg/kg body weight; 
Nembutal, Abbott Lab) and heparin (250 IU; Thromboliquine, Organon, The 
Netherlands). After a midline abdominal incision, the aorta was cannulated 
with a polyethylene cannula (0.5 mm diameter) either for retrograde 
perfusion of the heart and tongue or for perfusion of the hind limb muscles 
via the iliac artery. A needle (24x0.5 mm), connected to a 10 ml syringe 
was inserted into the cannula and the vascular system was thoroughly rinsed 
with at least 10 ml physiological saline solution. 
For production of the corrosion casts, a casting medium as proposed by 
Murakami (1978) was used. This medium consists of methyl methacrylate 
(Merck, FRG) to which benzoylperoxide (0.2 g BPO; Fluka, Switzerland/10 ml 
methacrylate) was added. Prepolymerization of the medium was performed 
according to the protocols of Gannon (1981) using an 8 Watt UV-lamp 
(Philips 08j2). After a prepolymerization period of 2 to 2.5 hours the 
medium was mixed with BPO (0.2 g/10 ml) and N-N-dimethylaniline (0.2 ml/10 
ml; Fluka, Switzerland). The viscosity of the prepolymerized medium was 3 
to 5 cP. Further polymerization was retarded by cooling the mixture on ice. 
The mixture was injected immediately after preparation. The animal was also 
cooled on ice before and during perfusion in order to prevent premature 
hardening of the mixture. 
After perfusion, the animal was placed in a water bath at 50 С to promote 
a rapid hardening of the mixture. After 3 to 4 hours the organs (heart, 
tongue and quadriceps) were excised, mounted on small perspex plates and 
placed into a 60 С water bath overnight. In a number of cases, areas with 
overt vdiite streaks, known as necrotic or fibrotic zones, were excised from 
the perfused hearts. Thereafter the tissue was macerated in a potassium 
hydroxide solution (25%) at 60 С The maceration time for tongue and 
skeletal muscles was 3 days, for heart muscle up to 7 days. After 
maceration the specimens were carefully rinsed in distilled water and dried 
in air. The microvascular casts were then mounted on a stub, coated with a 
gold layer (50 nm) in a sputter coater (Polaron, type E5100) and 
photographed in a Philips 500 scanning electron microscope. 
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6.3 . RESULTS 
The cast ing technique used in t h i s i n v e s t i g a t i o n appeared to give r e l i a b l e 
r e s u l t s in t h a t a complete f i l l i n g of: the microvascular system was obtained 
throughout. Apparent a r t i f a c t s such as the occurrence of " p l a s t i c s t r i p s " 
due to a leakage phenomenon (Hodde, 1981), were not n o t i c e d . Blunt or 
rounded ends (as opposed t o the sheared ends of a broken specimen), which 
r e s u l t from l o c a l i z e d o b s t r u c t i o n to the flow of the medium, were only 
r a r e l y seen in the c a s t s from heal thy t i s s u e s . On t h e o ther hand, such 
f i l l i n g defects were more f requent ly encountered in the affected areas of 
the t i s s u e s of d iseased animals, but even in these c a s t s they were few in 
number. 
The vascular corros ion c a s t s of the c o n t r o l hamsters showed the t y p i c a l 
arrangement of the microvasculature of the t i s s u e s under i n v e s t i g a t i o n ; 
compare f ig . 6.1A with 6.2A and 6.ЗА. 
In the e p i c a r d i a l layer of the l e f t v e n t r i c l e of hea l thy hamsters, t h e 
c a p i l l a r y network i s p a r a l l e l in nature and c l o s e l y follows the ordered 
arrangement of the myocardial c e l l s , which vary only s l i g h t l y in s ize ( f i g . 
6.1 A). The c a p i l l a r i e s which run along each s ide of a myocardial c e l l are 
often connected by s h o r t anastomosing loops cross ing the myocardial c e l l s . 
The p a r a l l e l n a t u r e and the degree of branching of the c a p i l l a r i e s , t y p i c a l 
for s k e l e t a l muscle, were c l e a r l y evident in the c a s t s of normal quadriceps 
Figure 6.1. Microvascular architecture of casts from heart muscle of control (A) and 
BIO 8262Nij (B) hamsters, age 8 weeks. A. Vessels are regularly arranged and show a 
smooth appearance. Arrows indicate a blind ended, not completely f i l led vessel (small 
arrow) and a broken vessel (large arrow). 320x. B. Irregularly arrangement of thin, 
straight capi l lar ies in necrotic area. 320x. 
Figure 6.2. Microvascular architecture of casts from quadriceps muscle of control (A) 
and BIO 8262Nij (B) hamsters, age 8 weeks. A. The cast shows the parallel nature of 
the tortuous capi l lar ies and their anastomoses. 320x. B. The t r a n s i t i o n a l zone 
between regular ly (top) and irregularly (bottom) arranged capillary network i s 
depicted. Note the presence of very thin capi l lar ies (bottom). 320x. 
Figure 6.3. Microvascular architecture of casts from tongue of control (A) and BIO 
8262Nij (B) hamsters, age 8 weeks. A. The cast shows the characterist ic arrangement 
of capillary loops (arrowhead) radiating from the cas t . 160x. B. Irregularly arranged 
straight capil laries and scattered intact capillary loops (arrowhead). 320x. 
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skeletal muscle (see f ig . 6.2A). The c a p i l l a r i e s show a highly tortuous 
course which i s character i s t i ca l l y seen in cas ts made from contracted 
muscle t i ssue (Potter & Groom, 1983). 
The vascular network of the tongue shows the str iking capi l lary loop? which 
emerge in a highly ordered fashion fron the c a s t s . At the very top of these 
loops the c a p i l l a r i e s follow a typical irregular "clew-like" course ( f i g . 
6. ЗА). 
In the muscular t i s s u e s of the polymyopathic hamsters the myolytic areas 
stand out, because the t i ssue-character i s t ic arrangement of the capi l lary 
network i s s e r i o u s l y d is turbed ( s e e f i g s . 6. IB, 6.2B and 6.3B). The 
transit ion zones between non-affected and affected areas usually appear 
very abruptly ( f i g . 6.2B). In the affected areas of a l l three t i s s u e s , the 
cap i l lar ies tend to be long, straight and thin, and the texture of the 
capi l lary network i s highly disorganized ( f i g s . 6.IB, 6.2B and 6.3B). In 
the ske leta l muscle, the absence of the tortuous appearance of the 
cap i l l ar ies i s e s p e c i a l l y striking ( f i g . 6.2B). 
Vascular constr ict ions 
In the c a s t s of the dystrophic t i s s u e s , the occurrence of numerous 
constr ict ions was str ik ing. Such constr ict ions are narrowed zones in the 
v e s s e l s formed by abrupt transit ions between non-narrowed and narrowed 
zones ( f i g s . 6.4, 6.5 and 6.6A and B). Each c o n s t r i c t i o n i s present 
symmetrically around the longitudinal axis of the v e s s e l . Constricted zones 
may vary considerably in length and are often multiple ( f i g . 6.5) . The 
Figure 6.4. Microvascular network of a cast from heart muscle, age 8 weeks. The cast 
shows small vessels with numerous constrictions with an abrupt transition fron normal 
to narrowed zone (arrowheads). 1600x. 
Figure 6.5. Microvascular network of casts from heart muscle, age 8 weeks. 
A. Small vessel in the centre shows two constricted segments of considerable length 
("silencer appearance"). 640x. B. Segment of small vessel showing multiple short 
constrictions. 2300x. 
Figure 6.6. A and B. Branching off of a smaller vessel. Note the presence of multiple 
constrictions of variable length. A. Quadriceps muscle, age 12 weeks. lOOOx. B. 
Tongue, age 8 weeks. 1250x. 
С Small vessel in necrotic area in heart muscle, age 8 weeks, showing a vessel with 
a beaded appearance. 1250x. 
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degree of narrowing at the site of constriction may vary somewhat, but 
generally the diameter is reduced by about half. 
As judged from the size of the vessels showing the constrictions, they seem 
to occur preferentially in the terminal arteriolar bed. We have not been 
able to establish a definite pattern of distribution of the constrictions 
over the vascular bed of heart, tongue and skeletal muscle tissue. The 
distribution is apparently at random in all three muscle types. In any 
case, a preferential localization of these vascular abnormalities around 
the myolytic lesions is not obvious. Moreover, we found no distinct 
differences in the frequency of occurrence of the vascular constrictions in 
the three different muscular tissues investigated. However, we gained the 
impression that the number of constrictions is highest when the severity of 
the necrotizing process is at a maximum (for example at the age of В weeks 
in heart muscle, cf. chapter 7). 
Occasionally another type of vascular narrowing was noticed, usually 
occurring in thin capillaries present within the myolytic areas. In this 
case the capillaries showed a beaded appearance with gradual transitions 
between non-narrowed and narrowed zones (fig. 6.6C). Although it has not 
been proven definitely, we are under the impression that this structural 
abnormality is related to abnormalities in the capillary wall. 
6.4. DISCUSSION 
Among the various techniques that have been developed for the study of 
vascularization patterns in organs and tissues, the corrosion cast 
technique has a long and successful history. Since the first publication 
describing the use of acrylic resin for making blood vessel casts 
(Murakami, 1978), scanning electron microscopy of micro-corrosion casts has 
become a widely applied technique for the investigation of aspects of 
branched and anastomosing blood vessels up to the level of the terminal 
vascular bed. 
In view of the presumed occurrence of microvascular spasms in the 
polymyopathic BIO 8262NÌJ hamsters, it was decided to produce the casting 
replicas using a medium of low viscosity in this investigation. This has 
the advantage of augmenting the chance that a complete filling of the 
microvascular bed is obtained. Moreover, no high pressures are needed to 
perfuse the vascular bed so that extravasation of the casting material is 
unlikely. On the other hand, it increases the risk of considereible 
shrinkage of the medium which fills the vessels during the process of 
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polymerization. This precludes the possibility of obtaining exact data on 
the diameter of the vessels reproduced in the casts. 
Nevertheless, our procedure allowed us to visualize the very thin 
capillaries present in necrotizing foci and which appear to be thinnest in 
the vascular bed of diseased hamsters. Moreover, blind ending oortions of 
the replicas, which are the result of localized obstructions to the flow of 
the medium when too viscous a medium is used (Hodde, 1981), were very 
rarely observed in our specimens. Furthermore, in view of its 
reproducibility, we feel that a reliable casting technique was used in this 
study. We therefore conclude that our studies provide incontestable 
evidence for the occurrence of focal alterations in the terminal vascular 
bed of the polymyopathic hamster strain. These alterations are present as 
vascular narrowings in all three types of muscular tissue studied and were 
never encountered in the muscles of the healthy control animals. Since 
these vascular narrowings are already present early in life, we also 
conclude that it is highly likely that they are causally related to the 
generation of the focal myocytolytic lesions occurring in diseased animals. 
The most characteristic structural feature of the vascular narrowings is 
that they show abrupt and sharp transitions between the non-narrowed and 
narrowed segments of the replicated vessels. 
For this reason, we consider it plausible that the strictures are caused by 
contraction of smooth muscle cells present in the vessel wall. Considering 
the size of the vessels in which the strictures occur, they most likely 
represent precapillary arterioles which are known to have isolated smooth 
muscle cells dispersed at intervals along the outer surface of the 
endothelial cells (Bailey's Textbook of Microscopic Anatomy, 19Θ4). 
Simultaneous contraction of scattered smooth muscle cells could readily 
explain the occurrence of multiple constrictions ('silencer appearance ' ) . 
Although still a matter of dispute, this type of arteriole is often 
considered to represent the precapillary sphincters important in regulating 
the distribution of arterial blood into the capillary networks within 
tissues or organs. 
It is considered to be beyond the scope of this study to enter into the 
dispute concerning the existence, the architecture and the function of the 
precapillary sphincters as an important determinant of the distribution of 
arterial blood into the capillary network of tissues or organs in which it 
appears. 
Our studies in a way confirm and further extend the observations made by 
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Factor et al. (1982). These authors used silicone rubber solutions to 
perfuse the myocardium of lightly anaesthetized BIO 53.58 cardiomyopathic 
hamsters. Whereas the subendocardial vessels were not consistently 
perfused, the subepicardial and midwall vessels perfused well. Because the 
majority of the necrotic lesions are in the outer two-thirds of the 
ventricular wall, the vascular filling pattern was considered adequate. 
Upon light microscopic inspection of the 'bleached' and 'cleared' slices, 
the authors found numerous areas of microvascular constriction, diffuse 
vessel narrowing and luminal irregularities. They were not able to 
demonstrate fixed structural lesions in the vessels. A difficulty in the 
interpretation of these results is that incomplete filling in the necrotic 
areas may erroneously be taken to be sites of constriction. Pretreatjnent of 
young hamsters with the calcium channel inhibitor Verapamil during the 
period when they usually develop myocardial necrosis, prevented 
myocytolytic lesions and abolished microvascular hyperreactivity. Although 
we do not have exact data on the extent of constriction with regard to the 
dimension of the precapillary arteriole, the impact of these obstructions 
on the blood flow in the small vessels and capillaries will be of decisive 
importance. Assuming a decrease in the diameter of an arteriole to half of 
its original value along half its length, and assuming that blood behaves 
as a Newton fluid (which is not the case), it can be calculated (according 
to Poiseuille's law), that the flow will decrease by a factor of 8.5 
(Turek, 1987). Under such conditions this will result in a dramatic 
decrease in tissue P02 (Rakusan, 1971). The consequences of auch a 
situation will be discussed in Chapter 10. 
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7. MORPHOMETRIC-STEREOLOGICAL ANALYSIS OF THE TOSTNATAL DEVELOPMENT OF 
HEART MUSCLE TISSUE IN NORMAL AND BIO 8262NIJ HAMSTERS 
7.1. INTRODUCTION 
The histopathological alterations of the heart muscle tissue of 
polymyopathic Syrian hamsters have been extensively studied (Bajusz et al., 
1966; 1969; Nakao et al., 1970; Onishi et al., 1970; Nadkarni et al., 1972; 
Gertz., 1972; Mohr & Lossnitzer, 1974; Buchner et al., 1978; Homburger, 
1979; Jasmin 6, Eu, 1979; Strobeck et al., 1979; Galle et al., 1981; Jasmin 
& Proschek, 1982). However, surprisingly few morphometric studies on these 
hamster strains have been performed (Onishi, 1970; Lazarus et al., 1976; 
Colgan et al., 1978; Kidd et al., 1981; Rouleau et al., 1982). Those 
available do not offer a complete picture of the histopathological 
alterations during the course of the disease process. 
In this chapter the results of a morphometric-stereological analysis of the 
postnatal development of heart muscle tissue in normal and BIO 8262Nij 
Syrian hamsters, from 2 to 36 weeks of age, are presented. The main 
questions to be answered in this study are: (1) is the loss of myocardial 
cells due to cellular necrosis during the course of the disease coupled 
with hypertrophy of the remaining myocardial cells? (2) do the myocardial 
cell mitochondria show quantitative alterations which may be related to 
their role in myocardial degeneration and calcification? (3) can 
morphometric-stereological methods reveal alterations in the microvascular 
bed of the myocardium which may be related to the course of the disease 
process? (4) is the degree of fibrosis and scar formation during the course 
of the disease such that it must influence the normal functional 
performance of the heart? 
7.2. MATERIALS & METHODS 
In this study, BIO 8262Nij and control hamsters of both sexes, aged 2, 4, 
8, 12, 24 and 36 weeks, were used. Per age group 5 animals from each strain 
were investigated. The sampling of the age groups was related to the course 
of the disease process: two sampling moments were chosen during the 
prenecrotic stage (2 and 4 weeks), one during the necrotic stage (8 weeks), 
one at the end of the necrotic stage (12 weeks) and two during the 
postnecrotic stage (24 and 36 weeks). In healthy, normally developing 
hamsters this roughly corresponds to infant (2 and 4 weeks), young adult (8 
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and 12 weeks) and adult (24 and 36 weeks) animals. The procedures followed 
for the tissue preservation and for the morphometric-stereological analyses 
are given in chapter 3. The reader is also referred to chapter 3 for the 
stereological parameters estimated. 
7.3. RESULTS 
Control hamsters 
Table 7.1 presents the data on (a) volume densities of the myocardial cells 
(vVmc,hm)» the myocardial cell nuclei (Vvnu
r
hm and V V n U r m c ) , the 
mitochondria ( V V m r m c and Vvm,fi) and the myofibrils (Vvfi, mcb
 t h e 
capillaries (V V C /h m and V V C / m c ) , the collagen (Vycf^hn,) and the connective 
tissue cells (Vvcc,hm); (b) on numerical densities of the myocardial cells 
'
NVmc,hm' a n d t , l e myocardial cell nuclei (Nvn^h,,,) ; (c) on the mean volumes 
of the myocardial cells (v
m c
) and the myocardial cell nuclei (v
nu
) and (d) 
on the capillary profile density (N^
c
 hj,,) of normally developing hamsters. 
The mean body weights of the animals at the various ages are also included 
in this table. Statistically significant differences are indicated. In the 
presentation of the results below, emphasis is placed on differences 
between 2 and 8 week old, and between 8 and 36 week old hamsters. 
During normal development there is a distinct increase in Vy
m c
 }im until a 
constant value of ca. 75% is reached at 8 weeks. Иу
т с
 ^ shows a strong 
decrease from 2 to 4 weeks. Thereafter the decrease in this parameter 
continues until adulthood (36 weeks). The changes in the volume and 
numerical densities imply that v
m c
 shows a strong increase up to 8 weeks, 
followed by a duplication of the value between 8 and 36 weeks. 
vVnu,hm anä vVnu,mc show a rapid decrease between 2 and 8 weeks. Beyond 
that age no further decrease of these parameters is noticed. Nynu h m 
decreases sharply from 2 to 8 weeks. Thereafter a significant decrease is 
noted at 36 weeks. No significant changes in v n u are noted until 24 weeks. 
At the age of 36 weeks this parameter is significantly increased in 
comparison with 8 weeks. 
With regard to the mitochondria, Vvm,mc an<î vVm fi show a significant 
decrease from 2 to 8 weeks. Beyond that age no significant change is noted, 
except for the decrease of Vvm,mc between 8 and 24 weeks. On the other 
hand, VVfi m c increases significantly from 2 to 8 weeks. Thereafter a 
significant decrease is noted at 36 weeks. 
In the case of the capillary bed, Vy,,^ ,,, and Vyc ,mc increase significantly 
from 2 to 4 weeks. Thereafter a significant decrease is noted until a 
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constant value is reached at 8 weeks. Values for Мд
с
 ^ show no significant 
changes during normal development. 
Vvcf hm increases with age in control hamsters. At 36 weeks V V cf ι γ ί π ί is 
significantly increased when compared to the value at 8 weeks, but 
comprises only 0.4% of the heart muscle tissue. Vv C C /hm decreases 
continuously during normal growth. 
Polymyopathic hamsters 
Table 7.2 presents the stereological data collected from heart muscle 
tissue of polymyopathic hamsters. 
vVmc,hm i n polymyopathic hamsters shows a significant increase from 2 to 4 
weeks and a further increase from 8 to 12 weeks. Thereafter no significant 
changes are noted. As in control hamsters Nv
rac
 h
m
 decreases sharply and 
significantly from 2 to 8 weeks. At 36 weeks this parameter shows a further 
significant decrease in comparison with 8 weeks. v
m c
 increases 
significantly between 2 and 8 weeks and from 8 to 36 weeks. At the age of 4 
weeks a significantly higher N V m C f j l m and a significantly lower vmc with 
respect to control values are noted. At 8 weeks of age, both the volume 
density and the numerical density are significantly lower in the 
polymyopathic hamsters, whereas no significant difference in mean volume of 
these cells between control and diseased animals is noted at this age. 
The changes in
 п и
^ т
 a n d vVnu mc during development in the diseased 
hamsters show no significant differences with respect to the developmental 
changes in control hamsters. However, in contrast to the findings in the 
control hamsters, a significant decrease of V V n u m c is noted between 8 and 
36 weeks. The changes in N V n U f h m with age deviate from the normal 
development pattern. Besides a significant decrease from 2 to 4 weeks, a 
significant decrease from 4 to 8 weeks is noted. Moreover, this parameter 
is significantly higher at 4 weeks and significantly lower at 8 weeks in 
the diseased animals. In contrast to the control hamsters, there is a 
significant increase in v
n u
 from 2 to 8 weeks in the diseased animals. 
Furthermore, at 4 weeks this parameter is significantly lower in the 
polymyopathic hamsters. 
The significant difference between 2 and 8 weeks in ущ
 m c
 and Vym fi as 
seen in the control hamsters, is not noted in the polymyopathic hamsters. 
Furthermore, in polymyopathic hamsters a significant decrease of V V m m c is 
not only noted between 8 and 24 weeks, but also between 8 and 12 weeks. In 
contrast to the findings in the control hamsters, Vyj,, f^ is significantly 
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Table 7.1. Quantitative data on the age-related changes in the composition of heart muscle tissue (left ventricular 
wall) in control hamsters. 
Age (weeks) 2 4 8 12 24 36 
Myocardial cells 
тс,Ът 
NVmc,hm 
v
mc 
Nuclei 
vVhu,hm 
vVnu,mc 
NVnu,hm 
v
nu 
Mitochondria 
vVm,mc 
vVm,fi 
Myofibrils 
vVfi,mc 
Capillaries 
vVc,hm 
vVc,mc 
NAc,hm 
Col lagen f i b r e s 
vVcf,hin (*) 0 .04 + 0.02b 0 . 0 4 ^ 0 . 0 1 0.12 + 0 .04 0 . 3 + 0.1 0 . 3 + 0.1 0 . 4 _ + 0 . 1 b 
Connect ive t i s s u e c e l l s 
v V c c , h m ' * ' 1 . 2 ^ 0 . 1 0 . 7 jf 0 . 1 0 . 6 _+ 0 . 1 0 . 5 ^ 0 . 2 0 . 4 _+ 0 . 1 0 . 3 J+ 0 . 1 
Body weight (g) 14.4 + 0.8 66.0 + 5.1 85.9 + 1.1 87.9 + 6.8 115.6 + 19.0 122.8 + 19.0 
( % ) 
(mm-3 χ Ю - 4 ) 
(pm3 χ IO"3) 
(%) 
(%) 
(mm-3 χ 10-4) 
(pm3 χ IO"2) 
(%) 
(%) 
(%) 
(%) 
(%) 
(nm-2 χ Ю - 2 ) 
67.1 
29.2 
2.3 
3.8 
5.7 
30.7 
1.2 
40.2 
86.7 
46.3 
10.2 
15.2 
31 .5 
+ 
+ 
Τ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1.8b 
1.8^ 
0.2ab 
O.iab 
0.2ab 
2.iab 
0.1 
0.7b 
2.5^ 
0.8ab 
0.6a 
1.2ab 
2.4 
68.1 
6.7 
10.0 
1.4 
2.0 
6.9 
1.9 
39.2 
76.2 
51.5 
13.1 
19.3 
26.4 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
0.8b 
0.9 
1.4b 
O.lb 
0.2b 
0.8 
0.4 
0.4 
O.Sb 
0.4b 
О.ЗЬ 
0.4b 
2.3 
76.4 
4.9 
15.5 
0.9 
1. 1 
5.1 
1.7 
36.8 
66.8 
55.1 
8.6 
11.3 
28.2 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1.4 
0.4 
1.2 
0.1 
0. 1 
0.4 
0.2 
1.0 
2.9 
1.0 
0.2 
0.4 
4.7 
75.5 
4.6 
16.6 
0.9 
1.3 
4.7 
1.9 
34.9 
64.0 
54.6 
8.4 
11.1 
32.9 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
2.2 
0.7 
2.5 
0.1 
0. 1 
0.7 
0.3 
0.9 
2.2 
0.9 
0.5 
0.5 
2.9 
74.1 
3.3 
23.8 
0.6 
0.8 
3.4 
1 .9 
30.8 
59.4 
51.8 
8.2 
11.1 
29.9 
+ 
+ 
Τ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1.3 
0.6b 
5.8b 
0.1 
0.1 
0.8 
0.3 
0.9b 
1.4 
1.5 
0.4 
0.6 
1.2 
76.2 
2.6 
29.6 
0.7 
0.9 
2.7 
2.4 
33.4 
66.4 
50.3 
7.5 
9.8 
28.8 
+ 1.1 
+ 0.3b 
+ 1.6b 
+ 0. 1 
+ 0. 1 
+ 0.2b 
+ 0. 1 b 
+ 0.7 
+ 2.0 
+ 0.7b 
+ 0.3 
+ 0.3 
+ 1.1 
Values are expressed as mean +_ SER 
a
: significantly different from 4 weeks 
b; significantly different from β weeks 
Table 7.2. Quantitative data on the age-related changes in the composition of heart muscle tissue (left ventricular 
wall) in BIO 8262Nij hamsters. 
Age ( w e e k s ) 
M y o c a r d i a l c e l l ; 
vVinc,hm 
NvmCjhm 
v
mc 
N u c l e i 
v Vnu,hm 
v Vnu,mc 
%пи
г
Ьіп 
Vnu 
M i t o c h o n d r i a 
vVm,mc 
Vvm,fi 
M y o f i b r i l s 
v V f i ,m 
C a p i l l a r i e s 
v V c
r
h i n 
v V c , m c 
N A c
r
h m 
C o l l a g e n f i b r e s 
v V c f , h m 
3 
(*) 
(imi 3 χ 
(pm 3 χ 
(%) 
(%) 
(mm - 3 χ 
(pm 3 χ 
(%) 
(%) 
(*) 
(*> 
(%) 
(iran - 2 χ 
(%) 
C o n n e c t i v e t i s s u e c e l l s 
v V c c , h m 
Body w e i g h t 
(*) 
(g) 
I O " 4 ) 
I O " 3 ) 
I O " 4 ) 
I O " 2 ) 
I O " 2 ) 
6 4 . 8 
3 4 . 9 
1 . 9 
3 . 6 
5 . 5 
3 6 . 5 
1 . 0 
4 2 . 9 
1 0 1 . 3 
4 2 . 4 
8 . 8 
1 3 . 6 
2 9 . 6 
0 . 0 4 
1 . 0 
1 3 . 5 
2 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1 . 5 a 
3 . 2 a b 
о.гаь 
0 . 3 a b 
0 . 2 a b 
З . і а Ь 
O . l b 
1 . 7 
4 . 6 е 
О.заЬс 
0 . 3 a 
0 . 3 а 
1 . 5 
C O I 3 1 5 
0 . 1 
2 . 1 
6 9 . 2 
1 2 . 8 
5 . 5 
1 . 7 
2 . 5 
1 3 . 4 
1 . 3 
4 1 . 9 
9 1 . 7 
4 5 . 7 
1 1 . 1 
1 6 . 0 
3 2 . 6 
0 . 1 1 
1 . 2 
4 4 . 0 
4 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1 . 2 
2 . 4 b c 
o.gbc 
0 . 1 b 
0 . 2 Ь 
2 . б Ь с 
0 . 2 С 
0 . 8 е 
О.вс 
0 . 9 С 
О.вЬс 
1 . 4 b c 
o.gbc 
о.огЬс 
0 . 2 е 
2 . 4 е 
6 7 . 8 
3 . 7 
1 8 . 2 
0 . 9 
1 . 3 
4 . 2 
2 . 0 
4 1 . 3 
8 6 . 6 
4 7 . 7 
7 . 5 
1 1 . 1 
2 2 . 9 
1.1 
1 . 4 
8 0 . 9 
β 
+ 
+ 
+ 
+ 
Τ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
3 . 2 С 
о.зс 
0 . 9 
0 . 1 
0 . 1 
0 . 4 = 
0 . 1 
1 .1С 
3 . 5 С 
1.0С 
0 . 7 
0 . 9 
0 . 8 
О.ЗС 
0 . 5 
7 . 3 
7 3 . 4 
4 . 2 
1 7 . 5 
0 . 8 
1 . 0 
4 . 3 
1 . 8 
3 8 . 3 
7 1 . 7 
5 3 . 4 
8 . 3 
1 1 . 3 
2 8 . 0 
0 . 7 
0 . 6 
8 2 . 0 
12 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+_ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1 . 2 b 
0 . 6 
2 . 1 
0 . 1 
0 . 1 b 
0 . 6 
0 . 2 
О.ЗЬС 
1 . 0 Ь 
0 . 4 b 
0 . 1 
0 . 2 
1 . 4 b 
0 . 2 е 
0 . 1 
4 . 3 
24 
7 2 . 3 + 
2 . 2 + 
3 2 . 3 + 
0 . 6 + 
0 . 9 + 
2 . 4 + 
2 . 7 + 
3 4 . 3 + 
6 6 . 3 + 
5 1 . 8 J+ 
7 . 7 + 
1 0 . 7 + 
2 7 . 2 + 
2 . 0 + 
0 . 6 + 
9 6 . 6 +_ 
І . і Ь 
0 . 2 Ь 
4 . 2 b 
0 . 1 
0 . 1 b 
0 . 3 Ь 
0 . 4 b 
1 . 1 b 
2 . 7 b 
0 . 8 b 
0 . 6 
0 . 8 
0 . 8 b 
О.бЬс 
0 . J 
9 . 6 
36 
7 3 . 1 + 
2 . 1 + 
3 5 . 2 ± 
0 . 7 + 
1 . 0 + 
2 . 5 + 
2 . 9 + 
3 8 . 6 + 
7 1 . 3 + 
5 4 . 2 + 
6 . 1 + 
8 . 3 + 
2 2 . 4 + 
4 . 3 + 
0 . 5 ± 
1 0 2 . 7 + 
1 . 8 b 
0 . 5 b 
7 . 8 b 
0 . 1 
0 . 1 b 
0 . 7 b 
O.Sb 
0 . 9 е 
2 . 7 b 
o.gbc 
1 . 4 
2 . 0 
2 . 4 
1 . 4 b c 
0 . 2 b 
6 . 5 
Values are expressed as mean +_ SER. 
a
: significantly different from 4 weeks 
b
: significantly different from 8 weeks 
c
: significantly different from control 
decreased at 12, 24 and Ί6 weeks of age in comparison with 8 weeks. Both 
volume densities show higher values in the diseased animals. 
The esl-imatpd surface-to-volume ratio of the mitochondria (Зщ/ д) at 8 
weeks of age is significantly lower in the BIO 8262Ni;j hamsters: 5.4 +_ 0.2 
m
2/cm3 and 5.9 +_ 0.2 m^/cm3 for diseased and control hamsters respectively. 
vVfi mc shows a significant increase from 2 to 8 weeks as in control 
hamsters. However, during this period this parameter is significantly lower 
in the polymyopathic hamsters. In contrast to the findings in the control 
hamsters, there is a further increase until at 12 weeks a constant value is 
reached, which is significantly lower than the control value noted at 8 
weeks. 
Developmental changes in Vy
c
 jj,,, and Vyc mc conform to the changes during 
normal development. In 4 week old diseased hamsters this parameter is, 
however, significantly lower with respect to the control values. Ν^ 0 hm
 ι η 
the polymyopathic hamsters, which at 4 weeks is significantly lower than 
the control value, shows a significant decrease from 4 to 8 weeks. Between 
8 to 12 weeks, the parameter increases significantly; this is not observed 
in the control animals. 
vVcf,hm shows a strong and significant increase with age and is 
significantly higher in the diseased animals after the 4th week. At 36 
weeks the volume fraction of the collagen fibres comprises 4.3% of the 
heart muscle tissue. Vycchm shows a slight increase from 2 to 4 and 8 
weeks of age instead of a decrease as is noted in control hamsters. 
However, none of these values show statistically significant differences 
between the ages. In 4 week old diseased hamsters, this parameter is found 
to be significantly higher with respect to control value. 
Pie diagrams showing the quantitative composition of the left ventricular 
wall and the myocardial cells in control and polymyopathic hamsters during 
development are presented in figures 7.1 and 7.2 respectively. 
Figure 7.1. Pie diagrams showing the fractions of the various components of the left 
ventricular myocardial layer of control (left) and ΒΙΟ β262Νΐ] (right) hamsters: 
myocardial cells (mc), capillaries (c), collagen fibres (cf), connective tissue cells 
(cc) and others (r). 
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LEFT VENTRICULAR MYOCARDIAL LAYER 
Control BIO 3262 NIJ 
36 
7.1 
137 
Age 
( weeks I 
LEFT VENTRICULAR MYOCARDIAL CELLS 
Control BIO 8262Nij 
7 2 
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7.4. DISCUSSION 
Control hamsters 
The results of our morphometric investigations reveal that during normal 
development, the most striking quantitative changes in the composition of 
the heart muscle occur during the period from 2 to 8 weeks. During this 
period the hamsters show a distinct increase in body weight and heart 
weight (see table 7.3). It appears from our studies that growth of the 
heart mainly results from a distinct increase in the volume of the 
myocardial cells, with a consequent decrease in the numerical density of 
these cells. Apparently there is also a close relationship between growth 
of body, heart and myocardial cells in hamsters. It is known that during 
the fetal and early postnatal periods, growth of heart muscle is achieved 
by hyperplasia of myocardial cells with a variable amount of hypertrophy. 
With a subsequent loss of mitotic activity within the myocardial cells, 
growth occurs by hypertrophy alone (Zak, 1973; 1974). Korecky & Rakusan 
(1978) reported a similar degree of increase in myocardial cell volume and 
left ventricular mass in rats. The results of our investigations confirm 
these findings. 
During the period from 2 to 8 weeks, V V m C f h m increases to 76% of the total 
volume of the myocardial layer. This value fits in the range of data, 
varying from 73.5% to 87%, found in adult animals by other authors (see 
table 7.4). It is similar to the value found by Lazarus (1976) and Sachs et 
al. (1977) in adult hamsters. 
In contrast to the significant increase in v
m c
, the myocardial cell nuclei 
hardly increase in mean volume during this period. A similar finding is 
reported by Hirakow et al. (1980) in the rat, and by Gotoh (1983) in the 
cat. The increase in v
m c
 together with an unchanged v
n u
 results in a 
significant decrease of both the volume density and the numerical density 
of the nuclei. A similar distinct decrease of the volume fraction of the 
nuclei in hamsters from 1 to 30 days is reported by Colgan et al. (1978). 
With regard to the capillaries, it is found that like in rat (Rakusan, 
Figure 7.2. Pie diagrams showing the fractions of the various components of left 
ventricular myocardial cells of control (left) and BIO e262Nij (right) hamsters: 
mitochondria (ιη) , myofibrils (fi), nuclei (nu) and others (r). 
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Table 7.3. Body weight, heart weight and heart index (heart 
weight/body weight) of BIO 82 62NÌJ and control hamsters. 
Age Strain Body weight Heart weight Heart index 
(weeks) (g) (mg) (mg/g) 
BIO 8262NÌJ 
Control 
BIO 8262NÌJ 
Control 
BIO 8262NÌJ 
Control 
BIO 8262NÌJ 
Control 
BIO 8262NÌJ 
Control 
BIO 8262NÌJ 
Control 
18. 
20. 
43. 
58. 
69. 
89. 
83. 
96. 
101. 
122, 
91 . 
184. 
,9 
.6 
.3 
.2 
.6 
.4 
.3 
.5 
.5 
,5 
,5 
.7 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Τ 
+ 
+ 
+ 
τ 
0. 
4. 
4. 
4. 
6. 
6. 
3. 
10. 
12. 
13. 
8. 
4. 
.8 
.4 
.6 
,0 
.9 
.4 
.5 
,7 
.7 
,5 
.2 
.0 
86. 
92. 
231. 
282. 
259. 
316. 
332. 
372. 
366. 
461. 
354. 
630. 
.4 
.9 
.3 
.8 
,6 
.3 
.0 
.5 
.3 
.3 
1 
,0 
+ 
+ 
+ 
τ 
+ 
+ 
+ 
Τ 
+ 
Τ 
+ 
+ 
4.0 
18.0 
47.9 
37.7 
35.3 
19.9 
18.5 
35.6 
30.3 
13.9 
29.8 
17.3 
4.57 
4.54 
5.31 
4.88 
3.72 
3.54 
3.99 
3.87 
3.65 
3.79 
3.88 
3.41 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Τ 
+ 
+ 
+ 
τ 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
.36 
.56 
.77 
.75 
,19 
.12 
,10 
.14 
,45 
,31 
35 
,04 
Values are expressed as mean _+ SD 
1971; Smith & Clark, 1979; Odek-Ogunde, 1982) and guinea pig (Kayar & 
Banchero, 1983) N^c^jm, in hamster hearts shows no distinct changes during 
normal development of the heart. Therefore it must be concluded that growth 
of the capillary bed is proportional to the growth of the myocardial cells. 
A similar finding, expressed as a decrease in fibre to capillary ratio, is 
reported by Bishop (1973) and Rakusan et al.(1965). The changes in the 
morphometric parameters of the capillaries from 2 to 4 weeks of age reveal 
that growth of the microvascular bed during this period occurs by an 
increase in number and an increase in diameter of the capillaries. The 
values of Ν^ς,^,ι, we found fit in the range of data, varying from 1695-4240 
nim~2, reported for adult animals of other species (tabel 7.5). 
The increase in щс appears to be the result of an increase in the volume 
of myofibrils and mitochondria. Changes in V V m ( m c and Vvfi,mc' however, 
indicate that the myofibrillar apparatus grows faster than the 
mitochondria. A similar finding in 16 to 30 day old hamsters is reported by 
Colgan et al. (1978). A disproportionate increase in the rat (Hirakow et 
al., 1980; Frenzel & Feimann, 1984) and cat (Sheridan et al., 1977) and a 
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Table 7.4. Volume densities of myocardial cells per 
unit volume of myocardium. 
Species Myocardial cells References 
mouse 
hamster 
hamster 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rabbit 
rabbit 
cat 
dog 
76.4 
76.1 
77.6 
87.0 
84.9; 
84.7 
80.7 
80.9 
82.9 
81.2 
75.4 
85.9 
73.5 
83.2; 
79.4 
83.9 
Bossen et al., 1978 
Lazarus et al., 1976 
Colgan et al., 1978 
Laguens, 1971 
Anversa et al., 1978 
Guski, 1980 
Mail et al., 1980a 
Mail et al., 1980b 
Loud et al., 1984 
Anversa et al., 1985 
Frank & Langer, 1974 
Mall et al., 1982 
Marino et al., 1983 
Gerdes & Kasten, 1980 
proportionate increase in the rat (Page et al., 1974; Hirakow & Gotoh, 
1975) and cat (Gotoh, 1983) are reported. In the dog (Legato, 1975) and rat 
(David et al., 1979) fluctuating values without a distinct trend are also 
reported. 
After the age of 8 weeks, growth of myocardial cells, heart and body 
gradually slows. The almost 7-fold increase in v m c from 2 to 8 weeks of age 
is followed by only a 2-fold increase from 8 to 36 weeks of age. As is 
evident from our morphometric data, growth of myofibrils, mitochondria and 
capillaries also gradually slows. Our estimated values of VVfi m c and 
vVm,mc in adult hamster heart muscle fit in the range of data, varying from 
45-63.1% and 17.3-47% respectively, reported for adult animals by other 
authors (tabel 7.6). 
Polymyopathic hamsters 
It appears from our morphometric study of the heart muscle of polymyopathic 
hamsters that the quantitative changes in the composition of the heart 
during development follow those seen in control hamsters to a great extent. 
The diseased animals also show a close relationship between the increase in 
v m c and the increase in body weight and heart weight. Morphometric data 
reveal that also in this hamster, capillaries, myofibrils and mitochondria 
grow in proportion to the increase in v m c. A fast increase in body and 
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Table 7.5. Capillary proEile densiti*^ per тап^ of 
myocardial tissu». 
Species Capillariiîs References 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
guinea pig 
rabbit 
rabbit 
dog 
dog 
dog 
3697; 
2458 
3889 
2816; 
3597 
3171 
3468 
2805 
3380 
1695 
2693 
1929; 
2810 
1844 
2286 
4023 
- 2604 
- 3962 
3885 
- 2441 
2035 
- 4240 
- 2398 
- 2661 
Tomanek et al., 1979 
Hatt et al., 1980 
Tomanek, 1979 
Gerdes et al., 1979 
Rakusan et al., 1980 
Mail et al., 1980a 
Mail et al., 1980b 
Anversa et al., 1982 
Loud et al., 1984 
Kayar & Banchero, 1983 
Mail et al., 1982 
Weiss & Conway, 1985 
Gerdes & Kasten, 1980 
Buss et al., 1981 
Martorana et al., 1984 
heart weights from 2 to 8 weeks of age is also related to a fast increase 
in vmcr whereas v n u hardly changes. This results in a distinct decrease of 
NVmc,hm» NVnu,hm an<3 vVnu,hm· As in control animals the myofibrillar 
apparatus grows faster than the mitochondria. A similar finding in Bio 14.6 
hamsters from 16 to 30 days is reported by Colgan et al. (1978). 
The significant differences noted between control and polymyopathic 
hamsters at 4 weeks, with regard to the morphometric parameters of the 
myocardial cells, their nuclei and the capillaries, must have resulted from 
a retardation in the growth of the diseased animals, since they also show a 
significantly lower body weight at this age. 
At the age of 8 weeks, significant changes in the composition of the 
polymyopathic myocardial layer with respect to control hearts are noted. As 
a result of the occurrence of focal myocardial cell necrosis, V V m c ^д, 
NVmCfhm a nâ NVnu,hm appear to be significantly decreased. It is found that 
the volume fraction of undamaged myocardial cells is reduced to about 68% 
of the myocard volume. Similar values are reported for polymyopathic 
hamsters of the BIO 14.6 line (Lazarus et al., 1976) and the UM-X7.1 line 
(Rouleau et al., 1982). That this reduced Vvmc,hm is not the result of a 
retarded growth of the animal, is evident from the similar body weights of 
both control and diseased animals together with the slightly increased v m c 
and decreased N V m C / h m. A lower Vvnurhm i s n o t noted, which might be the 
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Table 7.6. Volume densities of myofibrils and mitochondria per 
unit volume of myocardial cells. 
Species Myofibrils Mitochondria References 
mouse 
mouse 
mouse 
mouse 
mouse 
mouse 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
guinea pig 
hamster 
hamster 
hamster 
rabbit 
cat 
cat 
dog 
dog 
dog 
54.3 
49.4 
48. 1 
46.7 
47.0 
47.6 
53.8; 
63.0; 
55.0 
53.6 
59.2-
49.7-
55.4 
61.2 
49.8 
52.1 
45.9 
45.0 
56.2 
60.3 
49.8 
47.8 
54.0 
57.4; 
63.0 
54.5 
62.0 
63.1 
60.3 
57.8 
47.0 
40.3 
35.0 
37.5 
32.2 
30.6 
34.0 
36.6 
36.0 
35.8 
33.8; 
30.5; 
29.0 
34.8 
29.8-
30.5-
33.8 
25.3 
33.5 
27.3 
25.7 
23.6 
28.2 
33.0 
28.6 
26.8 
17.3 
22.2 
26.0 
25.4; 
22.0; 
- 47.7 
- 53.8 
32.9 
34.5 
32.7 
34.8 
24.1 
23.4 
Herbener et al., 1973 
Herbeneг, 1976 
Tate & Herbener, 1976 
Bossen et al., 1978 
Schaper et al., 1985 
Oron & Mandelberg, 1985 
Page et al., 1971 
Laguens, 1971 
Page et al., 1972 
Page & McCallister, 1973 
Anversa et al., 1978 
Tomanek et al., 1979 
McCallister et al., 1979 
Anversa et al., 1979 
Tomanek, 1979 
David et al., 1979 
Mail et al., 1980a 
Mail et al., 1980b 
Anversa et al., 1982 
Frenzel & Feimann, 1984 
Oron & Mandelberg, 1985 
Plattner et al., 1970 
Lazarus et al., 1976 
Sachs et al., 1977 
Schaper et al., 1985 
Mail et al., 1982 
Marino et al., 1983 
Gotoh, 1983 
McCallister et al., 1978 
Gerdes & Karsten, 1980 
Schaper et al., 1985 
result of the slight increase of v
n u
 with respect to the control value. 
The significantly lower N A C r h m at 8 weeks, with regard to 4 and 12 weeks, 
which is not found in control hamsters, is hard to explain. It might, 
however, be associated with a delay in capillary growth in the necrotic 
areas. The significant increase in М д ^ ^ from 8 to 12 weeks probably 
results from proliferation of the capillary bed to compensate for the delay 
in capillary growth. 
It appears that the volume fraction of the mitochondria is increased at all 
ages investigated. The significant decrease of Vv
m
,hin between 16 and 30 
days in BIO 14.6 hearts, as reported by Colgan et al. (1978) could not be 
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confirmed for the BIO 8262Nij hamsters. In the hearts of young 
polymyopathic hamsters, cellular edema and swelling of the mitochondria is 
a regular finding (see chapter 5). Similar findings are reported by other 
authors (Lossnitzer, 1975; Strobeck et al., 1979; Galle et al., 1981). 
Nevertheless, judging by the slight increase in v m c, it appears that 
swelling of the myocardial cells cannot be excluded. However, swelling of 
the mitochondria at 8 weeks of age is clearly evident from the decreased 
surface-to-volume ratio and the increased volume density of the 
mitochondria. 
The increase in Vvfifmc is distinctly retarded and is not constant before 
12 weeks of age. This is not necessarily the result of a delay in the 
synthesis of the myofibrils but may be the indirect consequence of the 
occurrence of cellular edema and swelling of the mitochondria. 
Adult hamsters (24 and 36 weeks) show higher values of vmc. In view of the 
large statistical error, a significant difference with respect to the 
control value could not be established. Furthermore, when comparing control 
and diseased hamsters with similar body weight (table 7.3), a distinct 
increase in heart weight, as is reported for BIO 14.6 and UM-X7.1 hamsters, 
could not be confirmed for BIO 8262NÌJ hamsters. However, the increase in 
vinc with respect to the control values and the increase in Vvmc,hm with 
respect to 8 weeks lead us to conclude that the unaffected myocardial cells 
in the polymyopathic hamsters show a moderate compensatory hypertrophy. 
Mohr et al. (1978) arrive at a similar conclusion on account of a slightly 
increased heart muscle mass and an elevated content of total DNA, RNA and 
protein in heart muscle of BIO 8262 hamsters. Further evidence for a 
moderate hypertrophy may be provided by the significantly increased volume 
fraction of myofibrils and mitochondria in 3 6 week old hamsters when 
compared to control animals. Moreover, Lazarus et al. (1976) also reported 
an increased volume fraction of the myofibrils in myocardial cells of 250-
300 days old BIO 14.6 hamsters, which are known to show a distinct 
hypertrophy of the heart muscle. 
Regarding fibrosis of the heart muscle, expressed as the volume fraction of 
the collagen fibres, significant differences with respect to control values 
are established. V ^ f ^ m increases significantly with age and shows a ten-
fold increase in the oldest age group investigated with respect to the 
control value. At 36 weeks of age 4.3% of the myocardial layer appears to 
consist of collagen fibres. In view of the fact that clinical signs of 
heart failure, such as subcutaneous edema, ascites, hydrothorax and 
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hydropericardium, as well as enlargement of the liver as is noted in BIO 
14.6 (Bajusz et al., 1966) and UM-X7.1 hamsters (Jasmin & Proschek, 1982), 
only rarely occur in BIO 8262Nij hamsters, it seems unlikely that the 
degree of fibrosis will influence normal functional performance of the BIO 
8262NÌJ hearts. 
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8. MORPHOMETRTC-STEREOLOGTCAL ANALYSTS OP THE POSTNATAL DEVELOPMENT OF 
QUADRICEPS MUSCLE TISSUE IN NORMAL AND BIO 8262NIJ HAMSTERS 
8.1. INTRODUCTION 
The hereditary polymyopathy in the Syrian hamsters exhibits several 
characteristics of human dystrophies, and therefore provides a model for 
the study of human muscle diseases (Homburger et al., 1965? Mendell et al., 
1979). As in human muscular dystrophies (see chapter 2), the course of the 
disease in polymyopathic hamsters may show considerable variation 
(Homburger et al., 1965). Nevertheless, histopathology of the lesions in 
skeletal muscle of the several related inbred strains of polymyopathic 
hamsters appears to be essentially the same (Caulfield, 1966; 1972; 
Homburger, 1972; 1979; Mohr & Lossnitzer, 1974; Karpati, 1979; Mendell et 
al., 19 79; Jasmin & Proschek, 1982; see also chapter 5). In the course of 
time, all skeletal muscles become involved but muscles with a high 
contraction frequency, in particular the diaphragm and tongue, are most 
severely affected (Mohr & Lossnitzer, 1974; Jasmin & Proschek, 1982). 
In the BIO 8262 strain, fibre necrosis in the quadriceps muscle starts at 
about 2 weeks of age and is progressive to the age of 8 to 12 weeks. 
Thereafter it declines in severity (chapter 5; Mohr & Lossnitzer, 1974). 
The main questions to be answered in this chapter are: (1) What is the 
extent of the quantitative changes in the muscle fibres of polymyopathic 
hamsters during the early stages of the disease compared with the changes 
in adulthood? (2) In view of the presumed vascular involvement in the 
pathogenesis of the disease process, can morphometric-stereological methods 
reveal alterations in the microvascular bed of the quadriceps muscle, 
possibly in relation to changes of the muscle fibres? 
8.2. MATERIALS & METHODS 
BIO 8262Nij and control hamsters of both sexes, aged 2, 4, 8 and 36 weeks, 
were used in this study. Per age group 5 animals from each strain were 
used. The sampling of the age groups was related to the course of the 
disease: two sampling moments were chosen at an early stage of the disease 
process (2 and 4 weeks), one at the age of maximum severity (8 weeks) and 
one at a late stage of the disease process (36 weeks). The procedures 
followed for tissue preservation and for morphometric-stereological 
analysis are described in chapter 3. The reader is also referred to chapter 
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3 for the stereological parameters estimated. 
8.3. RESULTS 
Control hamsters 
Stereological data on: (a) volume densities of muscle fibres ( V V m f r S m ) , 
capillaries (V V c s m ) , collagen (V V cf s r a) and connective tissue cells 
( V V c C r S m ) , (b) muscle fibre profile density (Мдд^дщ), (с) mean muscle 
fibre ccoss-sectional area (a
m
f), (d) surface-to-voluine ratio of muscle 
fibres (S
m
f/V
m
f), (e) capillary profile density per unit area of skeletal 
muscle ( N A C f S m ) , capillary profile density per unit area of muscle fibres 
(NAc,mf) a nâ (f> t h e capillary to muscle fibre ratio (NHc,mf' fro™ 
quadriceps muscle tissue of normal developing hamsters are presented in 
table 8.1. Differences which are statistically significant are indicated. 
In the description of the results, the differences between 2 and 8 weeks 
and between 8 and 36 weeks are emphasized. 
During normal development VVmf gm increases with age to approximately 85% 
of the muscle tissue at 36 weeks. NAmf g m shows a strong decrease between 2 
and 8 weeks. From 8 to 36 weeks no further decrease is noticed. The changes 
•'•
n vVmf,sm a n d NAmf,sm during development imply that amf shows a strong 
increase, and Smf/vmf a strong decrease, up to the age of 8 weeks. 
Thereafter a slight increase of amf is noted between 8 and 36 weeks. 
With regard to the capillaries, VVC(Snl, as well as Ид
С /д т and %c,mf show a 
strong decrease from 2 to 8 weeks. On the other hand, N N c mf shows a strong 
increase during the same period. Between 8 and 36 weeks a slight decrease 
of the capillary profile densities is noted. 
Very low volume densities of collagen (Vv
c
f
 s m
) are found at all ages 
investigated. The volume density of the connective tissue cells (Vv
cc 3 m ) 
decreases significantly between 2 and 8 weeks. Beyond that age no 
difference is noticed. 
Polymyopathic hamsters 
Table 8.2 presents the stereological data collected from quadriceps muscle 
tissue of polymyopathic hamsters. Morphometric-stereological analysis of 
the alterations during development of the muscle from 2 to 8 weeks does not 
show differences between polymyopathic and control hamsters (compare table 
8.1 and 8.2). However, from 8 to 36 weeks the changes of the various 
parameters in polymyopathic hamsters deviate from those estimated in 
control hamsters. A further increase of V\f
m
f
 3m, as observed in control 
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muscles, is not noted. Furthermore, N A mf F S m and Smf/Vmf s h o w a slight 
increase. A slight decrease of amf is found during this period. None of the 
values, however, indicate statistically significant differences between 8 
and 36 weeks of age. However, at 36 weeks of age Vv mf f S m and amf are 
significantly lower, whereas both NAmf g m and Sm£/Vmf are significantly 
higher in the polymyopathic hamsters. 
In the diseased animals, the changes in the morphometric parameters of the 
capillaries from 2 to 8 week old animals follow the course of those 
estimated in control hamsters. Significant differences are not noticed 
between diseased and control animals during this period. On the other hand, 
in contrast with the findings in control hamsters, in the diseased hamsters 
a significant increase of the morphometric data concerning the capillaries 
is found between 8 and 36 weeks. Significantly higher values of Vyc s m, 
NAc,sm and NAc,mf with respect to control values are found at 36 weeks of 
age. Regarding N N C f mf at the age of 36 weeks, no statistically significant 
difference is found between diseased and control hamsters. 
As in control hamsters, there is no synthesis of collagen observed between 
2 and 8 weeks. However, at the age of 36 weeks the diseased animals show a 
five-fold increase in V V cf r S m compared to control animals. In contrast to 
control hamsters, the volume density of the connective tissue cells 
'
vVcc,sm' shows no decrease from 2 to 8 weeks, and is significantly higher 
at 8 and 36 weeks of age. 
8.4. DISCUSSION 
Control hamsters 
As expected, the results of our morphometric investigations reveal that 
during normal development the most striking quantitative changes in the 
composition of the quadriceps muscle occur during the period from 2 to 8 
weeks; a period during which the animals also show a distinct increase in 
body weight. The muscle fibres show a significant increase in amf and a 
decrease of Smf/vmf. This increase in amf is coupled with an increase in 
vVmf ,sm an<3 a significant decrease in NAmf^m· 
With regard to the changes in the capillary bed during the period from 2 to 
8 weeks of age, it appears that the growth of the muscle fibres, estimated 
as the increase in amf, is associated with an increase in Nuc,mf· A linear 
relationship between these two parameters, as is found during rat (Ripoll 
et al., 1979; Hudlicka, 1982; Gray, 1984), guinea pig (Sillau & Banchero, 
1978; Aquin et al., 1980), rabbit and cat (Sillau 6 Banchero, 1978) and dog 
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Table 8.1. Quantitative data on the age-related changes in the composition of quadriceps 
muscle tissue in control hamsters. 
Age (weeks) 2 4 8 36 
Muscle fibres 
vVmf,sm 
^Amf ,sm 
a
mf 
Smf/Vmf 
Capillaries 
vVc,sm 
NAc,sm 
NAc,mf 
NNc,mf 
Collagen 
vVcf,sm '*) 0 · 0 0 0 · 0 0 0 < 0 0 0.4^0.23 
Connective tissue cells 
vVcc,sm (*) 0.5+ 0.1a 0.3+ 0.1a 0.03+0.01 0.03^0.02 
Body weight (g) 15.6 + 0.5 40.4+^0.9 82.0^4.5 103.0^10.5 
Values are expressed as mean +^  SER 
Values for body weight are expressed as mean +_ SD 
a
: significantly different from 8 weeks 
( % ) 
( m m - 2 χ Ю - 2 ) 
(μπι2 χ Ю - 2 ) 
( m 2 / a n 3 ) 
(*) 
( m m - 2 χ I O " 2 ) 
( m m - 2 χ 1 0 - 2 ) 
7 0 . 9 + О - в 3 
4 0 . 7 + 3 . 6 3 
1.8 + 0 . 2 3 
0 . 2 7 + 0 . 0 1 3 
2 . 8 + 0 . 3 a 
1 2 . 7 + О.9З 
1 7 . 9 + 1.43 
0 . 3 1 + O . O l 3 
6 9 . 7 + І . 9 З 
1 0 . 3 + О . ? 3 
6 . 8 + 0 . 6 3 
0 . 1 4 + 0 . 0 1 a 
2 . 4 + 0 . 3 a 
1 0 . 6 + 0 . 3 a 
1 5 . 6 + 0 . 7 З 
1.0 + 0 . 1 a 
7 5 . 9 + 0 . 6 
3 . 3 + 0 . 6 
2 2 . 6 + 4 . 1 
0 . 0 8 + 0 . 0 1 
0 . 8 + 0 . 2 
5 . 4 + 0 . 9 
7 . 5 + 1.0 
1.6 + 0 . 3 
8 4 . 6 + 1 . 2 a 
2 . 9 + 0 . 3 
2 9 . 9 + 3 . 5 
0 . 0 7 + 0 . 0 1 
0 . 8 + 0 . 1 
3 . 6 + 0 . 6 
4 . 4 + 0 . 7 
1.4 + 0 . 2 
Table 8.2. Quantitative data on the age-related changes in the composition of quadriceps 
muscle tissue in BIO 8262Nij hamsters. 
Age (weeks) 
Muscle fibres 
vVmf,sm 
NAmf,sm 
amf 
Smf/Vmf 
Capillaries 
vVc,sm 
NAc,sm 
NAc ,mf 
NNcmf 
Collagen 
vVcf,sm 
(%) 
(mm-2 χ Ю - 2 ) 
(pm2 χ IO - 2) 
(m2/cm3) 
(%) 
(mm"2 χ 10-2) 
(поп"2 χ 10-2) 
(%) 
Connective tissue cells 
^Vcc,sm 
Body weight 
(%) 
(g) 
67.3 
43.2 
J.6 
0.28 
3.6 
11.9 
17.6 
0.28 
2 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1.7* 
3.8* 
0.1* 
0.01* 
0.8* 
1.6* 
2.1* 
0.02* 
0.00 
0.6 
10.5 
+ 
+ 
0.2 
0.7 
70.9 
10.3 
7.0 
0.14 
2.3 
11.9 
17.1 
1.2 
4 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1.3* 
0.6* 
0.4* 
0.01* 
0.4* 
0.6* 
0.8* 
0.1 
0.00 
0.3 
36.2 
+ 
+ 
0.1 
0.8 
76.7 
4.0 
18.7 
0.08 
0.9 
5.2 
6.7 
1.3 
8 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1.7 
0.5 
2.2 
0.01 
0.2 
0.8 
0.9 
0.2 
0.00 
0.6 
79.3 
+ 
+ 
0.1Ь 
8.1 
36 
75.7 + 
4.9 + 
15.4 + 
0.09 + 
2.2 + 
8.7 + 
12.6 + 
1.8 + 
1.9 + 
0.8 + 
111.2 + 
3.2b 
0.8b 
2.5b 
0.01b 
0.4^ 
1.2*b 
2.1*b 
0.1* 
0.3*b 
0.1b 
9.2 
Values are expressed as mean ·+ SER 
Values for body weight are expressed as mean + SD 
*: significantly different from 8 weeks 
b
: significantly different from control 
(Sillau S Ranchero, 1978: Aquin & Banchero, 1981) development could not be 
established. Although N N C f mf shows a significant increase during this 
period, there is a decline in V V C r S m, N A c s m en N A C / mf. Tt can therefore be 
concluded that the capillaries show a rapid increase in number leading to 
an increase in the capillary to muscle fibre ratio. A rapid increase in 
diameter of the muscle fibres, however, causes a decrease in the capillary 
profile densities. In the rat (Sillau & Banchero, 1977; Ripoll et al., 
1979; Hudlicka, 1982), guinea pig (Aquin et al., 1980), cat and dog (Sillau 
& Banchero, 1978), a decrease in the capillary profile density is also 
found with increasing mean muscle fibre cross-sectional area. However, not 
all authors reported similar findings. Sillau s Banchero (1978) (guinea 
pig and rabbit) and Aquin & Banchero (1981) (dog) reported an unchanged 
capillary profile density with increasing body weight of the animals. 
During the period from 8 to 36 weeks only a small increase in amf and a 
proportional increase in body weight is noted. From these data we conclude 
that growth of skeletal muscle fibres mainly occurs by hypertrophy of the 
the muscle fibres. This growth is related to a change in body weight and 
not naturally to an increase in the age of the animals. Similar findings 
are reported for skeletal muscle of the rat (Sillau & Banchero, 1977; 
Ripoll et al., 1979; Gray, 1984), guinea pig (Faulkner et al., 1971; Aquin 
et al., 1980), dog (Gunn, 1978; Aquin & Banchero, 1981) and horse (Gunn, 
1978). The morphometric data with regard to the capillaries reveal that in 
accordance with the limited growth of the muscle fibres during this period 
minor changes also occur in the capillary bed. The values of mean muscle 
fibre cross-sectional area, capillary to muscle fibre ratio and capillary 
profile density in adult animals vary, depending on the animal species and 
composition of the muscle with regard to fibre type (Plyley & Groom, 1975; 
Gray & Renkin, 1978; Aquin & Banchero, 1981; Hudlicka, 1984; Schmalbruch, 
1985). However, the values we found in the quadriceps muscle of adult 
hamsters fit in the range of data found in skeletal muscles of other 
species. A detailed comparison of our findings with those from other 
species is, however, rather pointless, since several authors reported data 
on various skeletal muscles differing in their histochemical profile. 
Polymyopathic hamsters 
Our investigations of the quadriceps muscle of polymyopathic hamsters 
reveal that the quantitative changes in the composition of this muscle 
during the period from 2 to 8 weeks are similar to those found in healthy 
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hamsters. At the age оF S weeks a
m
f appears to be slightly decreased, which 
is probably related to the occurrence of small regenerating muscle fibres 
(chapter 5 ) . 
During the period from 8 to 36 weeks, significant differences between 
control and polymyopathic hamsters are noted. In spite of the fact that the 
diseased animals show an increase in body weight, there is no increase in 
a
m
f. In contrast to the changes in control animals an increase in Vy
m
f
 s m 
is not noted, whereas N^f
 s m
 seems to show a slight increase. As a result 
of degeneration and regeneration processes, the average muscle fibres do 
not arrive at normal dimensions. At 36 weeks Идп^дщ is significantly 
increased with respect to the control value, which of course is related to 
the occurrence of small muscle fibres. It could be argued that the 
established differences between control and diseased animals resulted from 
a decrease in the girth of the muscles in the diseased animals, whereas the 
number of muscle fibres is not decreased. However, in view of the similar 
body weights of control and diseased hamsters, and the decreased volume 
fraction of the muscle fibres in the diseased animals, this is unlikely. We 
therefore conclude that the muscle fibres are increased in number due to 
regeneration. 
The most significant quantitative changes occur in the capillary bed. It is 
found that at 36 weeks of age V V C f S r n, N A c s m and Мд с # т£ are significantly 
increased with respect to 8 weeks as well as the control value at 36 weeks. 
NNc,mf i s n o t significantly different from the control value, but is 
increased with regard to 8 weeks. Atherton et al. (1982) also reported an 
increase in the size of the capillary bed in skeletal muscle of dystrophic 
mice (C57BL/6Jdy2J/dy2J). This result led the authors to conclude that the 
anatomical site of the causative lesions must either be within the 
endothelial cells or else be in a non-capillary site. They arrive at this 
conclusion because the extent of the capillary network is expected to be 
decreased in order to induce tissue anoxia if it is involved in the 
pathogenesis of the dystrophy. 
In our opinion, however, another interpretation of these results is more 
likely. Although the inducing factors involved in the development of new 
capillaries during growth of muscle are not known, it is generally agreed 
that under certain circumstances, such as hypoxia (Banchero et al., 1985), 
regeneration (Hudlicka, 1984), chronic electrical stimulation, induced 
long-term vasodilatation (Hudlicka et al., 1984) and endurance training 
(Anderson & Henriksson, 1977), proliferation of capillaries is stimulated. 
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(for review see Hudlicka, 1984). Some authors believe that mechanical 
factors connected with increased blood flow could stimulate capillary 
growth (Hudlicka et al., 1984). Others believe that a decreased P02 is the 
only factor involved in the regulation of capillary growth (Banchero, 
1985). 
Indeed, Valdivia (1958) found an increased capillarity in skeletal muscle 
of guinea pigs exposed to high altitude hypoxia. These results, however, 
could not be confirmed in later studies (Sillau & Banchero, 1979). Chronic 
exposure of guinea pigs to hypobaric hypoxia, equivalent to high altitude 
hypoxia, resulted in an increased capillarity during early periods of 
hypoxia in heart muscle (Kayar & Banchero, 1985), but not in skeletal 
muscle (Sillau et al., 1980). Exposure to hypoxia and cold, however, 
resulted in an increased capillary density in skeletal muscle (Banchero et 
al., 1985). 
From measurements of the P02 in venous blood of skeletal muscle and in 
coronary sinus blood of the hearts of guinea pigs exposed to hypoxia, it 
appeared that the Ρ02 in skeletal muscle is higher than in heart muscle 
(Banchero, 1985). On account of these findings the authors suggested that 
the P02 in skeletal muscle probably did not decrease sufficiently to 
induce changes in the capillarity and that it is likely that a certain 
critical level of hypoxia is required to induce angiogenesis. 
It would appear from rough calculations (chapter 6) that the occurrence of 
vascular spasms in BIO 8262NÌJ hamsters might focally cause a severe 
hypoxia. A reduction by half in the diameter of the end-arterioles might 
result in a decrease in P02 in the capillary bed below the critical level. 
We therefore conclude that proliferation of capillaries in skeletal muscle 
of BIO 8262Nij hamsters must be related to the occurrence of vascular 
spasms. This implies that both focal myocytolysis and proliferation of 
capillaries are induced by the same causative mechanism. From the results 
of our studies the occurrence of angiogenesis due to regeneration of muscle 
fibres as an independent inducing factor cannot be excluded. 
The increase in the size of the capillary bed in the dystrophic skeletal 
muscle may also be of importance in the progression of the disease 
process, since it results in a decrease of the oxygen diffusion distance 
(for the intercapillary distance is decreased). Furthermore, with an 
increase in the size of the capillary bed, the chance that focally the P02 
decreases below a critical level will decline. It is important to establish 
whether only the capillaries or also the larger vessels are involved in the 
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angiogenesis. Tt is clear that Further study is required in order to 
establish possible age-dependent changes in tissue Po2· 
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9. THE EFFECr OF A DIETARY LOW CALCIUM INTAKE ON PROGRESSION AND SEVERITY 
OF HEART MUSCLE PATHOLOGY IN BIO 8262NIJ HAMSTERS 
9.1. INTRODUCTION 
Syrian BIO e262Nij hamsters suffer from a genetically determined 
polymyopathy, which shows a phasic pattern. Necrotic heart muscle lesions 
develop between 6 and 12 weeks of age, with peak pathology at 8 weeks of 
age. The histopathological alterations include myocytolysis and calcifying 
myocardial cell necrosis. After the age of 12 weeks the number of necrotic 
lesions rapidly decreases. In the replacement scar tissue, calcified 
plaques are abundant (see chapter 5). 
It is generally accepted that a genetically determined abnormality of the 
sarcolemma plays a crucial role in the pathogenesis of this polymyopathy. 
Wrogemann & Pena (1976) suggested that muscle cell necrosis in various 
muscle diseases could be explained by an increased net influx of calcium 
into these cells. This triggers a "vicious cycle" of mitochondrial calcium 
overloading and energy depletion. Our results presented in chapter 5 
support this view. 
Wrogemann & Pena (1976) have also suggested that the hypothesis described 
may offer the basis for a more rational treatment of necrotizing muscle 
diseases even before the primary etiology is known. 
The results of an investigation into the effect of a dietary low calcium 
intake on the severity and progression of myocardial cell necrosis in BIO 
8262NÌJ hamsters are presented in this chapter. We sought to answer the 
following questions: (1) Does low calcium intake interfere with the phasic 
pattern of the cardiomyopathy? (2) Does low calcium intake restrict the 
number of necrotic foci or the number of myocardial cells that are lost 
during the disease process? (3) Does low calcium intake induce alterations 
in the size of the capillary bed of the myocardial layer? 
9.2. MATERIALS 6 METHODS 
BIO 8262Nij hamsters of both sexes, aged 2, 4, 8, 12 and 36 weeks were used 
in this study. Per age group 5 animals were used. Hamsters fed the low 
calcium diet are designated BIO 8262Nij(low Ca). Age-matched BIO 8262NÌJ 
hamsters, fed normal food pellets, served as controls. 
Details on the composition of the low calcium diet, on the schedule of 
administration and data on the effect of this diet on the serum calcium 
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concentration are given in chapter 3. 
The procedures followed for heart muscle tissue preservation and for 
morphometric-stereological analysis are described in chapter 3. The 
stereological symbols used are also explained in chapter 3. 
The procedures followed for the subcellular localization of calcium using 
potassium pyroantimonate are described in chapter 5. 
9.3. RESULTS 
9.3.1. HISTOPATHOLOGY 
In contrast to the situation in control BIO 8262Nij hamsters, which show 
multifocal calcifying myocardial cell necrosis at 8 weeks of age, no such 
alterations are observed at this age in hearts of BIO 8262Nij(low Ca) 
hamsters. However, it is noticed at the ultrastructural level that 
myocardial cell edema and swelling of mitochondria in these cells has 
occurred (fig. 9.1A). Mesenchymal cells located in the perivascular 
regions, are also observed in both BIO 8262Nij(low Ca) and control 
polymyopathic hamsters. 
At the age of 12 weeks, multiple foci of necrosis have developed and the 
histopathological alterations are similar to those seen in control hearts. 
However, calcium plaques and multinucleate giant cells are not observed in 
the experimental animals. The pathology in hearts of 12 week old BIO 
8262Nij(low Ca) hamsters seems more extensive than that observed in the 
hearts of 8 week old control animals. Electron microscopy shows many 
myocardial cells with hypercontracted myofibrils and even more cells 
containing cytoplasmic debris and clusters of rounded mitochondria (fig. 
9.IB). 
Extensive sca r r ing of the l e f t v e n t r i c u l a r wall i s prominent in 36 week old 
BIO 8262Nij(low Ca) hamsters . The scar t i s s u e contains bundles of ordered 
collagen f ib res and numerous f i b r o b l a s t s , but c a l c i f i e d plaques are not 
present in the af fec ted a r e a s . 
Figures 9.1A and B. Electron micrographs of myocardial cel ls of left ventricular wall 
of BIO 8262Nij hamsters fed a low calcium die t . A. Myocardial ce l l s , age 4 weeks. 
Except for minor abnormalities of the Z-discs (as te r i sk ) normal appearance of 
myocardial ce l l . 12000x. B. Degenerating myocardial c e l l , age 12 weeks. Rounded 
mitochondria (M) show irregular internal structures (arrowheads) and flocculent 
matrix densities (thin arrows). Calcification not apparent. 9000x. 
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Staining WI^T pyroant-iinonat« revpal ? that mitochondria l c a l c i f i c a t i o n i s 
far l e s s severe than t h a t observed in the contro l animals ( f i g s . 9.2A and 
B; afe а і ч о c h a p t e r 5 ) . The o r g a n e l l e s only o c c a s i o n a l l y show dense 
p r e c i p i t a t i o n on the matrix sid^ of the c r i s t a l meinbranes, whereas the so-
c a l l e d ' f l i c c u l e n t m a t r i x d e n s i t i e s ' remain e s s e n t i a l l y f r e e from 
p r e c i p i t a t e s ( f i g . 9.2A). Although the mitochondria become c l u s t e r e d in 
c e r t a i n regions of the degenerating myocardial c e l l s , they do not act as 
c e n t r e s for depos i t ion of ca lc i fy ing c e l l u l a r d e b r i s . Large c a l c i f i e d 
plaques are t h e r e f o r e not observed in 12 and 36 week old BIO B262Ni-|(low 
Ca) hamsters . 
9 .3.2. STERËOLOGÏ 
Table 9.1 presen ts data on: (a) volume d e n s i t i e s of the myocardial c e l l s 
( v Vmc,hm>' t h e m y o c a r d i a l c e l l n u c l e i (VVnUfhm a n d vVnu fmc>' t h e 
c a p i l l a r i e s (VVCfi1Itl and Vvc,mc)f t h e col lagen (Vvcf fhm) and the connective 
t i s sue c e l l s (VvCCfhm'» (b) numerical d e n s i t i e s of the myocardial c e l l s 
'
NVmc,hm) a n d t*16 myocardial c e l l nucle i (Nvnu,hm)' ( c) t l l e mean volumes of 
myocardial c e l l s (vmc) and the myocardial c e l l nuc le i (v n u ) and (d) the 
c a p i l l a r y p r o f i l e dens i ty (NAC(hm) of BIO 8262Ni3(low Ca) and cont ro l BIO 
8262N1J hamsters . The mean body weights of the animals a t the various ages 
are a l so included in t h i s t a b l e . S t a t i s t i c a l l y s i g n i f i c a n t d i f ferences in 
s t e r e o l o g i c a l parameters between t r e a t e d and cont ro l animals are ind ica ted . 
The regime of a d i e t a r y low calcium i n t a k e , which was i n i t i a t e d during 
f e t a l l i f e (see chapter 3 ) , r e su l t ed in d i s t i n c t l y lower body weights of 
the experimental animals a t a l l ages i n v e s t i g a t e d . 
When compared with con t ro l BIO 8262N1J hamsters , the BIO 8262Nij(low Ca) 
hamsters show a s i g n i f i c a n t l y higher ущс^щ and Nvmc,hm a t 8 weeks of age. 
vVmc,hm l s / however, s i g n i f i c a n t l y lower a t 12 and 36 weeks, Nvmc,hm ^s n o t 
s i g n i f i c a n t l y d i f f e r e n t between t r e a t e d and c o n t r o l animals . The v
m c
 i s 
lower in the experimental animals a t a l l ages i n v e s t i g a t e d . 
The myocardial c e l l nuc le i show s i g n i f i c a n t l y higher volume d e n s i t i e s a t 8 
Figure 9.2A. Mitochondria of l e f t v e n t r i c u l a r myocardial cell of BIO 8262N1J 
hamsters, low calcium d ie t , age 12 weeks, potassium pyroantimonate staining. Note the 
sparingness of antimonate precipitates in the mitochondria (M). 20000x. Compare with 
fig. 9.2B, heavy precipitates in and around mitochondria (M) of myocardial cel ls in 
BIO 8262N1] hamsters, normal d ie t , age 8 weeks. 20000x. 
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Table 9.1. Effect of a dietary low calcium intake on the quantitative composition of heart muscle tissue (left 
ventricular wall) in BIO 8262NÌJ hamsters. 
Myocardial cell: 
vVmc,hm 
NVmc,hm 
vmc 
Nuclei 
vVnu,hm 
vVnu,mc 
NVnu,hm 
vnu 
Capillaries 
vVc,hm 
vVc,mc 
NAc,hm 
Collagen 
vVcf,hm 
s 
(%) 
(iran-3 χ 10-4) 
(pi3 x IO"3) 
(%) 
(%) 
(mm"3 χ 10-4) 
Срт
3
 χ IO"2) 
(%) 
(%) 
(mm-2 x Ю - 2) 
(%) 
Connective tissue cells 
vVcc,hm 
Body weight 
(%) 
(g) 
8 weeks 
low Ca 
72.9 
6.4 
11.5 
1.4 
1.9 
6.7 
2.1 
8.2 
11.2 
28.9 
0.5 
0.9 
48.6 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Τ 
+ 
+ 
+ 
0.9a 
0.3a 
0.6a 
0.1a 
0. I a 
0.3a 
0.1 
0.3 
0.5 
1.3a 
0.1a 
0.1 
4.2 
control 
67.8 
3.7 
18.2 
0.9 
1.3 
4.2 
2.0 
7.5 
11.1 
22.9 
1.1 
1.4 
80.9 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
3.2 
0.3 
0.9 
0.1 
0.1 
0.4 
0.1 
0.7 
0.9 
0.8 
0.3 
0.5 
7.3 
12 weeks 
low Ca 
63.8 
5.2 
12.2 
1.1 
1.7 
5.4 
2.1 
9.7 
15.2 
35.0 
0.2 
2.1 
53.4 
+ 
Τ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
3.6a 
1.2 
2.3 
0.1a 
0.1a 
1.2 
0.5 
1.0a 
1.2a 
4.4 
0.1a 
0.6a 
18.0 
control 
73.4 
4.2 
17.5 
0.8 
1.0 
4.3 
1.8 
8.3 
11.3 
28.0 
0.7 
0.6 
82.0 
+ 
+ 
+ 
+ 
+ 
Τ 
τ 
+ 
+ 
+ 
+ 
+ 
+ 
1.2 
0.6 
2.1 
0.1 
0.1 
0.6 
0.2 
0.1 
0.2 
1.4 
0.2 
0.1 
4.3 
36 weeks 
low Ca 
62.9 
2.4 
28.3 
0.8 
1.2 
2.4 
3.4 
7.1 
11.3 
24.9 
6.2 
1.4 
83.2 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1.3a 
0.3 
4.6 
0.2 
0.2 
0.3 
0.2 
1.3 
2.3 
3.7 
0.8 
0.1a 
4.7 
control 
73.1 
2.1 
35.2 
0.7 
1.0 
2.5 
2.9 
6.1 
8.3 
22.4 
4.3 
0.5 
102.7 
+ 1.8 
+ 0.5 
+ 7.Я 
+ 0.1 
+ 0.1 
+ 0.7 
+ 0.5 
+ 1.4 
+ 2.0 
+ 2.4 
±
 1
·4 
+ 0.2 
+ 6.5 
Values are expressed as mean +_ SER 
Values for body weight are expressed as mean +_ SD 
a
: significantly different from control 
and 12 weeks and a significantly higher numerical density at 8 weeks of 
age. No difference in v
n u
 between treated and control hamsters is found. 
The pattern of quantitative changes in the stereological parameters of the 
capillary bed in the BIO 8262Nij(low Ca) corresponds with the changes in 
control animals, although the values in BIO 8262Nij(low Ca) hamsters are 
consistently higher. 
In the experimental animals the volume densities of collagen at 8 and 12 
weeks are lower, but higher at 36 weeks of age. The volume density of the 
connective tissue cells shows a significantly higher value at 12 and 36 
weeks of age. 
Table 9.2 present data on the volume densities of mitochondria (Vv
m m c
 and 
vVm,fi' a n d myofibrils (V Vfi r m c) in BIO 8262Nij(low Ca) and BIO 8262Nij 
hamsters. The changes in volume densities of mitochondria and myofibrils in 
the experimental animals correspond with the changes in control hamsters, 
except that V y
m r m c
 is significantly lower at 8 weeks of age. The surface-
to-volume ratio of the mitochondria, estimated at 8 weeks of age, is found 
to be 5.2 + 0.1 m2/cm3 and 5.4 + 0.2 m 2/cm 3 in BIO 8262Nij(low Ca) and 
control hamsters respectively. 
9.4. DISCUSSION 
Our studies demonstrate that a dietary low calcium intake in polymyopathic 
hamsters interferes with the phasic pattern of the disease, and delays in 
the onset of cardiomyopathy. Whereas in control BIO 8262Nij hamsters, 
myocytolysis and necrosis of myocardial cells is already widespread at 8 
weeks of age, in the experimental animals these degenerative changes are 
first seen at 12 weeks of age. The significant decrease of ущс д^, and 
NVmc,hm а^ 8 weeks, due to a loss of myocardial cells, as seen in the 
control hamsters, does not occur in the treated animals of this age. On the 
other hand, once cellular degeneration has started to occur, calcium 
deficiency is apparently ineffective in reducing the extent (severity) of 
the cardiomyopathy. Indeed, at 12 and 36 weeks of age V^inchm i·3 lower with 
respect to the control value at 8 weeks of age, which can only be 
explained by an increased loss of myocardial cells. 
Our findings are not in agreement with those of Bajusz (1969). In his semi­
quantitative study on the effect of a calcium deficient diet on myocardial 
degeneration in BIO 14.6 dystrophic hamsters, he concludes that low calcium 
intake does not interfere with the onset and progression of heart muscle 
pathology. In his quantitative approach, the author only establishes the 
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Table 9.2. Effect of a dietary low calcium intake on volume densities of mitochondria and myofibrils 
in myocardial cells (left ventricular wall) of BIO 8262Nij hamsters. 
Age (weeks) 2 4 β 12 36 
Low calcium 
Mitochondria 
vVin,mc 
vVm,fi 
Myofibrils 
vVfi,mc 
(%) 
(%) 
(%) 
Control 
43.9+0.3 41.6+0.7 38.5+0.8 a 35.3+1.4 35.1+1.0 
99.5+1.6 92.9 jf 1.4 83.7 +_ 2.7 69.5 + 3.2 72.0 + 6.5 
44.2 + 0.6a 44.8 + 0.5 45.9 + 0.7 50.9 + 3.1 48.8 + 3.1 
Mitochondria 
vVm,mc (*) 42.9+1.7 41.9+0.8 41.3+1.1 38.3+0.3 38.6+0.9 
vVm,fi <*) 101.3+^4.6 91.7 _+ 0.8 86.6^3.5 71.7 + 1.0 71.3 + 2.7 
Myofibrils 
vVfi,mc (*' 42.4^0.3 45.7 + 0.9 47.7 _+ 1.0 53.4 + 0.4 54.2 + 0.9 
Values are expressed as mean +_ SER 
a
: significantly different from control 
number of so-called "lesion units" (consisting of about 20 affected 
adjacent fibres). Clearly this method does not establish correctly the full 
extent of cellular necrosis. Jasmin and coworkers (1975) have studied the 
effect of a low calcium diet and of thyroparathyroidectomy on the 
development of the cardiomyopathy in the UM-X7.1 Syrian hamsters. These 
authors have found that removal of parathyroids in normally fed myopathic 
hamsters has no effect on the serum levels of calcium and phosphate and 
consequently, on the course of the disease. On the other hand, calcium 
deprivation is effective in lowering serum calcium and phosphate levels and 
seems to delay the onset of the necrotizing process in the heart. Based on 
these observations, the authors conclude that calcium deficiency in UM-X7.1 
hamsters is effective in reducing the incidence and the severity of the 
heart disease. However, since these authors studied the effect of calcium 
deprivation during a restricted period only, their results are hardly 
comparable with our results. The fact that they notice prominent scarring 
in the myocardium at 22 weeks of age, indicates that also under their 
experimental conditions considerable myocytolysis and necrosis must have 
occurred in their animals. 
When compared to age-matched controls, the BIO 8262Ni](low Ca) hamsters 
show lower body weights and correspondingly lower values of vnlc. This also 
explains the differences we have found in the stereological parameters of 
the myocardial cell nuclei, since the size of the nuclei is unchanged with 
respect to control animals. However, when animals with an equal body weight 
are compared (for instance 12 week old control hamsters and 36 week old 
experimental animals), a distinctly higher mean volume of the myocardial 
cells is apparent in the BIO 8262Ni](low Ca). This is indicative of 
myocardial cell hypertrophy. Furthermore, capillary profile densities in 
the experimental animals are not significantly decreased which is 
indicative of a process of capillary proliferation. 
Prom our observations we conclude that a dietary low calcium intake may 
prevent calcification of heart muscle tissue of polymyopathic hamsters. 
Calcified plaques, commonly seen in hearts of control hamsters during the 
necrotic and postnecrotic stage of the cardiomyopathy (see chapter 5) are 
not observed in the experimental animals. Similar findings have been 
reported for polymyopathic hamsters of related strains, such as BIO 14.6 
(Ba^usz, 1969) and UM-X7.1 hamsters (Jasmin et al., (1975). 
Under our experimental conditions, the mitochondria, known to act as 
centres of calcification in this cardiomyopathy, lack signs of excessive 
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calcium deposition as revealed using the pyroantimonate staining method. 
The mitochondria only contain flocculent matrix densities, which are known 
to consist of denaturated proteins (Itkonen & Collan, 1983) and to occur 
only in irreversibly injured cells (Jennings & Ganóte, 1976; Trump et al., 
1980). 
The similar surface-to-volume ratios of the mitochondria in 8 week old 
control and experimental animals indicate that swelling of these organelles 
in undamaged myocardial cells is not prevented. It could therefore be 
argued that the defective myocardial cell membrane permeability does not 
improve after a low calcium intake. Apparently, a long-standing restricted 
calcium regime does not interfere with the underlying pathogenetic 
mechanism of this polymyopathy. If an ischemic condition induces the onset 
of the hamster polymyopathy, as is proposed in chapter 6, then it is 
possible that the cell membrane becomes modified or damaged during the 
ischemic period. Arguments supporting this proposal will be presented in 
the next chapter. 
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CHAPTER 10. 
GENERAL DISCUSSION 

10. GENERAL DTSCUSSIOM 
The polymyopathic Syrian BIO 8262Nij hamsters we have studied develop a 
genetically determined dystrophy of heart and skeletal muscle in a highly 
reproducible and predictable fashion (see chapter 5). Homburger et al. 
(1962) considered the original mutant hamster strain (BIO 1.50) to be a 
unique model for the study of the histopathological and pathophysiological 
aspects of a primary, generalized polymyopathy with involvement of the 
cardiac muscle. Subsequent studies of the various myopathic hamster lines, 
however, have mainly been focussed on the features of the cardiomyopathy, 
e.g. on the developing ventricular hypertrophy and dilatation and on the 
occurrence of congestive heart failure (Bajusz & Lossnitzer, 1968; Bajusz 
et al., 1969a; Bajusz, 1969a; Gertz, 1972; Lossnitzer, 1975; Mohr et al., 
1978; Strobeck et al., 1979). 
Severity of myopathy in the BIO 8262Nij line. 
The disease in the various polymyopathic hamster lines is transmitted by an 
autosomal recessive gene, has a 100% incidence, occurs relatively late in 
life and shows no interference with reproduction (Homburger et al., 1962; 
1966). New myopathic lines, with pathological features corresponding to 
those observed in the original strain, were established by cross-breeding 
homozygous diseased animals with healthy hamsters and by recovering the 
mutant gene in the F2 generation. Over the years, several new polymyopathic 
hamster lines have been thus established, including the BIO 14.6, the BIO 
53.58, the BIO 40.54, the BIO 8262 (Homburger, 1979) and the UM-X7.1 line 
(Jasmin & Eu, 1979 ). 
Although the disease in all these polymyopathic hamster lines basically 
takes an identical, predictable course, there exist differences between the 
various lines, particularly regarding the relative involvement of the heart 
and the skeletal muscular system (chapter 5; Bajusz, 1969a; Jasmin & 
Proschek, 1982a). In our BIO 8262Nij line, cell necrosis in skeletal muscle 
already occurs at an age of two weeks, whereas in the myocard cell necrosis 
is not observed before the age of about six weeks. In addition, muscle cell 
necrosis occurs over a relatively short period (about 6 weeks) in the 
heart, whereas new necrotic foci develop throughout life in the skeletal 
musculature. The severity of the disease process in the various muscles 
varies considerably. The tongue musculature and the muscles of the 
diaphragm become far more severely affected than do the muscles of the 
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extremities. Analogous observations have been made in hamsters of the UM-
X7.1 line (Jasmin & Proschek, 19в2а). This suggests some relationship 
between the strength or duration, and mode of action of any stimulus, and 
the extent of the necrotic process. This supposition is supported by the 
observation that after exercise (swimming for 1 or 2 hours) the number of 
necrotic fibres in the genetically defective animals may increase 
dramatically (Caulfield, 1966; 1972). 
A comparison of the severity of polymyopathy and cardiomyopathy in the 
various hamster lines makes it clear that the disease process in our BIO 
8262Nij hamsters takes a relatively mild course. Support for this 
conclusion is provided by the percentage of muscle fibres with centrally 
located nuclei that is ultimately encountered in the skeletal muscles. 
Regenerating muscle fibres retain centrally located nuclei; thus the 
percentage of muscle fibres with central nuclei can be considered to be a 
reliable cumulative index for the extent of regeneration (and therefore 
also for the severity of the necrotic process in a given muscle) . In the 
quadriceps muscle of the BIO 8262Nij hamsters we found 61% of the muscle 
fibres have internal nuclei (chapter 5 ) , whereas in the UM-X7.1 line an 
average 80% has been observed (Jasmin & Proschek, 1982a; Karpati et al., 
1983). 
Since the BIO 8262Nij hamsters do not develop clinical signs of congestive 
heart failure, it can be concluded that in our hamster line cardiomyopathy 
develops less severely than in the BIO 14.6 (Bajusz, 1969a), the UM-X7.1 
(Jasmin & Proschek, 1982a) and the BIO 53.58 line (Strobeck et al., 1979). 
All these myopathic hamster lines, after a necrotic phase, develop serious 
hypertrophy of the heart muscle (in particular of the left ventricular 
wall) and the clinical signs of severe congestive cardiomyopathy (with 
subcutaneous edema, ascites, hydrothorax, hydropericardium and liver 
enlargement). Nevertheless, a restricted, compensatory myocardial 
hypertrophy occurs in our hamster line, despite the absence of clinical 
signs of congestive heart failure. This conclusion is based on our 
morphometric-stereological data (chapter 7) which show that the mean volume 
of the myocardial cells and the volume density of the myofibrils increases 
with regard to control animals. It is known that the development of an 
adaptive or compensatory hypertrophy of heart muscle is associated with an 
increase in size of the myocardial cells. This is due to the addition of 
sarcomeres in series and parallel, which results in increased cell length 
and width and consequent loss of tension per sarcomere (Wikman-Coffelt et 
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al., 1979). In accordance with our morphometric observations, establishing 
a restricted myocardial cell hypertrophy. Stauch 6 Lossnitzer (1975) found 
a decreased left ventricular contractility in the BIO 8262 hamster line. 
Pathological cardiac hypertrophy - as opposed to physiological hypertrophy 
- is associated with depressed contractility without necessarily 
concomitant heart failure (and in which case the rate of myosin ATPase 
activity and the velocity of muscle shortening are decreased (Wikman-
Coffelt et al., 1979). 
Pathogenetic mechanism. 
From the histopathological studies reported in chapter 5, we conclude that 
the pathogenetic mechanisms underlying the disease process in heart and 
skeletal muscle are essentially identical. Both in heart and skeletal 
muscle, multiple foci of myocytolytic necrosis develop during the course of 
the disease. In the skeletal musculature, the loss of muscle fibres induces 
muscle fibre regeneration and the eventual formation of replacing 
connective tissue. The apparent difference in the extent of connective 
tissue formation in heart and skeletal muscles (compare relevant data in 
chapter 7 and 8) is considered to be related to the lack of regeneration in 
heart muscle tissue; myocardial cells lose their mitotic activity shortly 
after birth (Zak, 1974). 
In heart muscle tissue, the occurrence of myofibre necrosis is associated 
with foci of calcification. This is not necessarily the case in skeletal 
muscle tissue (Mohr & Lossnitzer, 1974; Jasmin S Proschek, 1982a). 
Nevertheless, our studies demonstrate that the histopathological 
alterations in both types of muscular tissue are induced by an identical 
pathokinetic mechanism. In both heart and skeletal muscle, the earliest 
detectable changes are cytoplasmic edema formation, dilatation of the 
sarcotubular system and swelling of the mitochondria, which result from 
disturbances in ion homeostasis or ion exchange across the sarcolemma 
(Trump, 1980). Presumably the mitochondrial swelling and in particular the 
mitochondrial calcification indicate an increased calcium influx into the 
muscle cells. This in turn will lead to the activation of calcium dependent 
enzymes, such as myofibrillar ATPase, proteases and phospholipases. Due to 
the activity of these enzymes, hypercontraction, dissolution of Z-lines and 
myocytolysis will occur. The sequence of cellular events occurring during 
muscle cell necrosis appears to be identical in all the various hamster 
lines (Caulfield, 1966; Nadkarni et al., 1972; Gertz, 1972; Jasmin & Eu, 
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1979; Mendell et al., 1979; Strobeck et al., 1979; Galle et al., 1981). An 
apparently identical series of events takes place in human necrotizing 
muscular dystrophies (see Engel, 1979, and references therein). 
It is therefore generally accepted that calcium ions play a key role in the 
process of muscle cell necrosis; indeed calcium has been called the 
molecular assassin of the muscle cell. 
The sequence of events underlying muscle cell necrosis in the myopathic 
hamster may be described as follows. Due to a genetic abnormality, 
sarcolemmal defect(s) occur which lead to an increased net influx of 
calcium. This in turn will cause the mitochondria to accumulate the excess 
cytoplasmic calcium since it is known that mitochondrial calcium storage 
occurs in preference to ATP production (Lehninger, 1974; Stadhouders, 
1981). Excess uptake of calcium will cause functional and later, structural 
damage to the mitochondria, leading to energy depletion. It has been 
postulated that in cells undergoing necrosis, a vicious cycle of 
mitochondrial calcium overloading and energy depletion finally underly the 
terminal events of cell death (Wrogemann & Nylen, 1978). The presumed 
sequence of events described above is schematically depicted in fig. 10.1. 
This scheme might hypothetically be generalized to include sarcolemmal 
alterations that occur in reaction to a variety of conditions such as 
vitamin E and selenium deficiency, ischemia or hypoxia, and in reaction to 
infective, immunological or even trophic agents. 
Sarcolemmal abnormalities. 
There is a large amount of literature on the (bio)chemical alterations of 
the muscle membranes in diseased human muscle (see Mrak, 1985 for a recent 
review). On the biochemistry of muscle membranes in dystrophic hamsters, 
only a few studies are available. Nevertheless, these are of interest in 
view of the observed cellular edema as the initial phase of cellular 
degeneration. Various elevated, ion-stimulated ATPase activities (Mg^ "·"-
ATPase, Na+,K+-ATPase, Ca2+-ATPase) have been described in sarcolemmal 
preparations of skeletal muscles from animals with advanced dystrophy 
(Sulakhe et al., 1971; Dhalla et al., 1973; Wrogemann et al., 1974). On the 
other hand, Panagia et al., (1984), studying myopathic hearts of UM-X7.1 
hamsters from 25 to 200 days of age, found a depressed Na+,^-ATPase 
activity of the cardiocyte sarcolemma throughout the time course of the 
disease. Ca2+-stimulated, Mg2+-dependent ATPase activity was depressed by 
90 days of age and this decrease in enzyme activity was accompanied by a 
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Prenecrotic phase 
vascular occlusion 
Necrotic phase 
Figure 10.1. Possible sequence of events following excess penetration of Ca 2 + into 
injured muscle cells, (modified after Carafoli, 19Θ6) 
decrease in ATP-independent Ca2 + binding capacity of the sarcolemmal 
membranes. Mg2+-ATPase and Ca2+-ATPase activities were only affected in the 
later stages of the disease. The results of these authors seem to indicate 
that the earliest lesions in sarcolemmal activity occur in Na+,K',"-ATPase 
activity and ATP-independent Ca 2 + binding capacity and that these defects 
correspond temporally to the initial stages of cardiac necrotic development 
in this strain. 
Morphological evidence for membrane alterations in dystrophic hamsters is 
also scarce and in some respects contradictory. However, it is clear that 
differences between normal and diseased hamster membranes exist. Using the 
freeze-fracture technique. Berry et al. (1983) found a significantly 
increased number of intramembrane particles for the P-face of the cardiac 
sarcolerama in young prenecrotic UM-X7.1 hamsters. On the other hand, Graham 
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et al. (1984) reported a 30% lower intramerabrane particle number for both 
P-face and E-face in the cardiac sarcolemma of 3 to 13 month old BIO 14.6 
hamsters. It is of interest to note that a similar finding has also been 
reported for Duchenne muscular dystrophy (Schotland et al., 1977). The 
somewhat conflicting results published on the activation of ion-stimulated 
enzymes and on intramerabrane particle densities, can in our opinion, be 
related to differences in the age of the animals under experiment relative 
to the stage in the phasic course of the disease process in the hamster 
line in question. 
Indications that the glycocalyx of the myocardial cells in dystrophic 
hamsters is abnormal, are presented by the study of Ma et al. (1979) and 
Bailey & Ma (1980). The authors found a decreased sialic acid content in 
sarcoleramal 'ghosts' prepared from myopathic hamster hearts, together with 
a 50% decrease in the sialyltransferase activity in these preparations. The 
authors speculated that the deficiency in surface sialic acid residues with 
the associated deficiency in calcium binding, have as a consequence a 
reduced contractility and an increased permeability of the sarcolemma to 
calcium ions. 
Calcium and muscle fibre necrosis. 
Support for the view that myocytolysis and necrosis result from an 
increased calcium influx - as depicted in fig 10.1 - comes from our studies 
on the effect of a low calcium intake on the onset and progression of the 
diease. A low calcium intake, leading to lowered serum calcium 
concentrations (chapter 3), causes a delay in the development of foci of 
muscle cell necrosis and prevents the formation and deposition of plaques 
of calcifying mitochondria (chapter 9 ) . The results confirm earlier 
findings, Bajusz (1969b) in the BIO 14.6 line, that a low calcium intake 
has a favourable effect on the development of congestive heart failure. 
That calcium overload of myocytes has to be implicated in the pathogenesis 
of the cardiac and skeletal muscle abnormalities also follows from the 
beneficial effects of administration of calcium channel blockers. In the 
various hamster lines these drugs (for example: verapamil, D600, diltiazem, 
nifedipine and prenylamine) prevent rises in myocardial calcium, heart 
necrosis and calcification (Lossnitzer et al., 1975; Jasmin et al., 1975; 
Jasmin & Solymoss, 1975; Jasmin & Bajusz, 1975; Lossnitzer et al., 1978; 
Jasmin et al., 1979; Lossnitzer et al., 1980; Jasmin & Proschek, 1980; 
Rouleau et al., 1982; Bhattacharya et al., 1982; Jasmin & Proschek, 1984; 
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Kobayashi et al., 1987). Prolonged administration of these drugs also 
results in a delay of the onset of myocytolysis (Jasmin & Proschek, 1984). 
The depression of mitochondrial respiratory control ratio, which coincides 
with the development of heart necrotic changes and mitochondrial calcium 
overloading (Jasmin & Proschek, 1982b), could also be prevented by calcium 
antagonistic drugs. From the various drugs tested, verapamil or D600 were 
by far the most effective calcium channel blockers to prevent cardiac 
necrosis in the UM-X7.1 line (Jasmin & Proschek, 1980, 1984). An 
interesting additional observation is that the effect of the various 
calcium antagonists on the disease process in the skeletal muscles is far 
less evident and in a number of cases barely or even not detectable (Jasmin 
& Bajusz, 1975; Jasmin et al., 1975; Jasmin S Solymoss, 1975; Jasmin et 
al., 1979; Jasmin & Proschek, 1980). Presumably, the differences in the 
effects on heart and skeletal muscles are due, at least in part to the fact 
that the onset of the degenerative process in the skeletal muscles is far 
earlier than in the heart muscle (see chapter 5). This opens the 
possibility that lesions are already present at the beginning of the drug 
treatment, in this respect it is perhaps of interest to note that the drug 
verapamil, has little or no favourable effect on the progression of human 
Duchenne muscular dystrophy (Emery et al., 1982; Emery & Skinner, 1983). 
It is known that in DMD skeletal muscle cell necrosis already occurs during 
fetal life (Walton, 1981). 
Influence of catecholamines. 
Although the pathological changes in the heart and skeletal muscles of the 
hamster line we have investigated - and in all other hereditary 
cardiomyopathic lines - are singularly reminiscent of a Ca2+-determined 
necrotic process, including a myolytic and coagulative type of cell 
degeneration, the etiology of the calcium overload is still unknown. 
Originally, Bajusz et al. (1969b), studying the effects of various 
cardioactive compounds upon the development of the cardiomyopathy in the 
BIO 14.6 strain, noticed that catecholamines may play a role in the 
pathogenesis of the disease. These investigators produced fulminating 
myocardial necrosis by administration of epinephrine during the early stage 
of the disease. A difference in the sensitivity to catecholamines between 
normal and diseased animals was also shown by Lossnitzer et al. (1975). 
Whereas the myocardial calcium content of untreated young BIO 8262 hamsters 
with prenecrotic hearts did not differ from that of healthy control 
187 
animals, it was distinctly elevated 6 hours after injection of the 
vasodilator isoproterenol in the polymyopathic animals, while remaining 
unchanged in healthy controls. 
Evidence for a direct myocellular involvement in the etiology of necrosis 
in the polymyopathic hamsters comes from the following studies. Rossner 
(1985) studied the electrophysiology of ventricular cells from prenecrotic 
hearts of BIO 14.6 hamsters and found an increased action potential 
duration due to stimulation with the beta-adrenergic agonist isoprenaline. 
Karliner and coworkers (1981) investigated the possible relation between 
catecholamine responses and adrenoreceptor affinity and density in 
polymyopathic BIO 40.54 hamsters. They found increased isometric tension 
development by left ventricular strips after administration of 
norepinephrine. Moreover, they found higher maximum binding site numbers 
for alpha·)- and beta-adrenoreceptors in cardiac sarcolemma of the diseased 
animals. However, Kobayashi et al. (1987) recently demonstrated that the 
number of alpha-j- and beta-cardiac receptor binding sites was significantly 
greater only in the late stage of the necrotic phase. As a possible 
explanation for the raised response to norepinephrine in cardiomyopathic 
hamsters, Karliner et al. (1981) suggest an increased concentration of 
norepinephrine in the synaptic cleft due to defective neuronal uptake 
and/or stimulation of an augmented population of alpha·)-(postsynaptic) 
adrenoreceptors. In line with this suggestion are the findings that drugs 
acting on adrenergic receptors proved to be efficient in reducing the 
severity of both myocardial and skeletal muscle lesions (Jasmin & Bajusz, 
1975; Jasmin et al., 1975; Jasmin et al., 1979; Jasmin & Proschek, 1980). 
Vascular spasms - focal necrosis. 
The studies briefly reported above, indicate that the genetically abnormal 
polymyopathic Syrian hamsters suffer either from abnormal sensitivity to 
catecholamines or other membrane abnormalities which lead to an increased 
sarcolemmal permeability to calcium. Since we are dealing with a genetic 
condition, such a defect is expected to be generalized and reside in all 
striated muscle cells. Paradoxically, however, the characteristic lesion in 
dystrophic hamsters is focal necrosis in discrete groups of muscle cells. 
This focal nature of the disease suggests either that the basic cellular 
defect is heterogeneous (unlikely, because it is a genetic condition), or 
that additional circumstances affecting the viability of the muscle cells 
are also of decisive importance. 
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Sole & Factor (19Θ5), speculate that the foci of necrosis are distributed 
around (myocardial) sympathetic nerve endings with locally high 
concentrations of epinephrine. Of particular importance in this connection 
is the recent observation that norepinephrine synthesis is increased m 
juvenile hamsters of a number of myopathic lines (BIO 8262, BIO 40.54, BIO 
14.6 and BIO 53.58) at a stage when they are extremely sensitive to 
catecholamines. Also of interpst is their finding that norepinephrine 
turnover appeared highest in the BIO 53.58 hamsters, which develop 
congestive heart failure, and was only slightly increased in our BIO 8262 
line. 
Another possibility suggested by these authors is that the genetic defect 
in transsarcolemmal calcium transport extends to vascular smooth muscle as 
well as to (cardiac) striated muscle. Jasmin & Ba]usz (1975) have suggested 
that a defect in the microcirculation might play a role in the disease. 
They found that the endothelial alkaline phosphatase reaction in the 
capillaries of heart and skeletal muscle of the UM-X7.1 myopathic line was 
depleted in a patchy fashion during the critical period in the development 
of the polymyopathy in these hamsters. Support for their suggestion came 
from the observation that vasoactive substances like serotonin adversely 
affect the course of the disease (Jasmin & Bajusz, 1975). 
The studies described in chapter 6 of this thesis, using the microcorrosion 
cast technique which reveals long segments of vessels in 3 dimensions, 
invariably showed that in the BIO 8262Ni] hamsters constrictions occur by 
contraction of the smooth muscle cells in the wall of the precapillary 
arterioles. The constrictions occur in the heart, tongue and skeletal 
muscle, and are not observed in healthy animals. In the discussion of 
chapter 6, it is argued that these obstructions are of an appropriate size 
to cause serious hypoxia in the volume of tissue supplied by these vessels. 
Our investigation confirms and extends the microfil perfusion studies 
performed by Factor et al. (1982), which revealed the occurrence of 
numerous areas of microvascular constriction, diffuse vessel narrowing and 
luminal irregularities. Our studies in particular have made it clear that 
the constrictions are caused by vascular "spasms". From the static pictures 
presented in chapter 6, we cannot arrive at any conclusion regarding the 
duration of the vascular spasm observed. In this respect the studies of 
Figulla et al. (1986) are of particular importance. These authors used a 
gentle in situ technique to study the role of microcirculatory changes in 
the myopathic BIO 14.6 hamsters, which - if such changes generate the 
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cardiomyopathy - should precede the development of myocardial necrosis. Two 
different fluorochrome dyes were used for timed plasma staining in order to 
reveal the capillary densities in the left ventricular wall during the 
premyolytic and myolytic phases. This technique allowed the detection of 
areas of hypoperfusion at an age prior to the onset of necrosis. The 
authors stated that these areas were as large as the later necrotic lesions 
and that the duration of the vascular obstruction was somewhere between 1 
and 10 seconds. The possible mechanism underlying the genesis of myocardial 
necrosis, as suggested by these authors, is presented schematically in fig. 
10.2. 
Ischemia-reperfusion injury. 
Experimental studies have established that hypoxic or ischemic injury must 
be of sufficient duration and severity to cause myocardial necrosis. For 
example, Whalen et al. (1974) have shown that even with the severest 
ischemia in dogs, the injury must be present for at least 20-30 minutes 
before necrosis will occur. Our own observations on the skeletal muscle of 
rats after complete ischemia (ligation of iliac artery) have demonstrated 
that the injury must be present for at least 3 hours before necrosis occurs 
(Egberink, unpublished data). 
However, a number of recent studies indicate that even when ischemia is 
brief and myocardial necrosis does not occur, a lengthy delay in the return 
to normal function and metabolism in the affected heart muscle usually 
occurs. Kloner et al. (1981) found a long lasting dysfunction after a short 
period of regional ischemia. Heyndrickx et al. (1975) showed that 5 minutes 
of ischemia was sufficient to produce a prolonged postischemic dysfunction. 
Glower et al. (1983) reported a recovery period of 24 hours following 15 
minutes of ischemia in conscious dogs. For this reason, Geft et al. (1982) 
evaluated the effects of intermittent brief periods of coronary occlusion 
on myocardial viability. It was established that brief periods of ischemia, 
which individually do not cause necrosis, have a cumulative effect and may 
cause myocardial necrosis. 
Assuming that the observed vascular spasms are transient and that they 
occur randomly throughout the small arteriolar vessels of the heart (and 
other striated muscles), it seems likely that muscle cells supplied by 
these vessels are exposed to the risk of ischemia-reperfusion injury. 
Several recent studies indicate that the free oxygen radical system is an 
important mediator of myocardial ischemia-reperfusion injury (for reviews 
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Figure 10.2. Possible mechanism underlying focal necrosis in muscle of polymyopathic 
Syrian hamsters. 
see Hammond & Hess, 1985; Nayler & Elz, 1986). Reperfusion following 
microvascular spasm is known to generate bursts of superoxide radicals and 
hydrogen peroxide (McCord, 1985; Ferrari et al., 1986). Indeed, Kobayashi 
et al. (1987), studying hearts of BIO 14.6 hamsters during the necrotic 
stage of the cardiomyopathy, recently found increased concentrations of 
free radicals in heart mitochondria and of lipid peroxides in whole heart 
homogenates. We therefore postulate that reperfusion injury results in the 
chronic effects seen in polymyopathic hamsters. 
Summarizing current ideas, it may be concluded that the Syrian hamster 
polymyopathy is a genetically transmitted disease with a variable 
phenotypic expression. The genetic defect most likely manifests itself at 
the level of the sarcolemma of striated and smooth muscle cells. It is 
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attended by a hypersensitivity to catecholamines and results in an 
inability of the muscle cells to regulate the transsarcolemmal calcium 
flux. Possibly as a result of localized increases in norepinephrine 
synthesis, microvascular spasms occur which induce transient episodes of 
ischemia and reperfusion at the microcirculatory level. Through injury 
caused by free oxygen radicals, superimposed on the hype [-susceptible 
myocyte sarcolemma, an increased influx of calcium will ultimately lead to 
cell death. 
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SUMMARY 
SAMENVATTING 

SUMMARY 
Although it is known that the different forms of human muscular dystrophy-
are genetically determined, they vary with regard to their clinical course 
and possibly also with regard to their pathogenetic mechanisms. Involvement 
of the cardiac muscle appears to be the rule rather than the exception in 
these diseases. 
A substantial proportion of the research into muscular dystrophy has been 
carried out using animal models, whereby the Syrian hamster has received 
particular attention. Individuals of this mutant strain (first described in 
1962) suffer from polymyopathy and cardiomyopathy. This autosomal recessive 
condition manifests itself relatively late in life and does not interfere 
with reproduction. As a rule, the life expectancy of these hamsters is half 
that of their healthy counterparts. However, the severity of the pathology 
does vary among the various sublines. Although the dystrophy of the Syrian 
hamster cannot be used as a model for any particular human muscular 
dystrophy, these hamsters do offer unique opportunities for the study of 
the pathogenetic mechanisms underlying a hereditary muscle disease. 
Using the BIO 8262Nij hamster subline, the studies described in this thesis 
were carried out with the following aims: 
1. to gain a better insight into the pathogenetic mechanism during the 
development of the disease; 
2. to obtain information regarding the phasic progression of the disease in 
heart and skeletal muscle; 
3. to determine whether hypertrophy of the heart occurs in this subline 
even when the clinical signs of congestive cardiomyopathy are absent; 
4. to investigate the involvement of the microvascular bed in the 
development of the disease. 
Chapter 2 describes the clinical course and histopathological changes in 
human muscular dystrophies, namely, Duchenne, Becker, limb girdle and 
fascioscapulohumeral muscular dystrophies. A number of hypotheses 
concerning their pathogenesis are briefly reviewed.In addition,the history, 
clinical characteristics and histopathology of the Syrian hamster lines are 
described in this chapter. 
In chapter 3, the procedures employed for the preparation of heart and 
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skeletal muscle tissue for electron microscopy and morphometric-
stereological analysis are described. 
The fixation, dehydration and embedding of tissues for electron microscopy 
may alter the dimensions of the tissue components. Consequently, as 
described in chapter 4, a morphometric-stereological investigation into the 
effects of various glutaraldehyde fixatives on the dimensions of heart 
muscle mitochondria was carried out. Both the concentration of 
glutaraldehyde in the fixative and the sucrose concentration in fixative 
and rinse buffer appear to influence the surface-to-volume ratio of these 
organelles. It appears that particularly sucrose contributes significantly 
to the effective osmolarity. Furthermore, it was established that the 
effects of glutaraldehyde and fixative vehicle are interdependent. 
The histopathological alterations appearing in heart and quadriceps muscle 
during the course of the disease in BIO e262Nij hamsters are described in 
chapter 5. It appears that the condition is characterized by focal lesions 
in both cardiac and skeletal muscle, with muscle cell necrosis appearing in 
skeletal muscles earlier than in the heart. However, in cardiac tissue, the 
necrotic period is relatively short (lasting approximately 6 weeks), while 
new necrotic foci may be observed in skeletal muscle throughout life. Since 
the severity of the disease is not the same in all skeletal muscles it is 
assumed that a relationship exists between the strength, duration and mode 
of action of a stimulus, and the extent of necrosis. The mitochondria 
appear to play a crucial role in the formation of calcium plaques. The 
structural alterations during the process of calcification are described in 
detail. 
The results of investigations into abnormalities of the microvascular bed 
in heart, tongue and skeletal muscle using the microcorrosion cast 
technique are presented in chapter 6. Both prior to, and during the 
necrotic phase, constrictions of the arterioles in these muscles arise. 
However, the occurrence of the constrictions is not specifically related to 
the necrotizing foci. The constrictions are apparently caused by the 
contraction of individual or grouped smooth muscle cells in the arteriolar 
wall. In this chapter, it is argued that these spasms may result in 
serious, but localized, hypoxia in the tissue. 
Morphometric-stereological investigations into the postnatal development of 
the heart musculature in normal and BIO 8262Nij hamsters are described in 
chapter 7. Already during the prenecrotic phase, the mitochondrial volume 
density is significantly increased. As a result of myocardial cell loss 
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during the necrotic phase, a limited and compensatory hypertrophy of 
undamaged myocardial cells together with capillary proliferation occurs in 
the postnecrotic phase. 
The morphometric-stereological alterations of the quadriceps muscle in 
normal and myopathic hamsters are described in chapter 8. Differences in 
the dimensions of the muscle fibres and capillary bed in young healthy and 
BIO 8262Nij hamsters were not found in this study. However, in 36 week old 
diseased animals, it was shown that the average diameter of the muscle 
fibres was reduced and capillary proliferation had occurred. 
In chapter 9, the effect of a low calcium diet on the phasic progression of 
the dystrophy in the heart is described. Such a diet affects the phasic 
progression of the disease, leads to a delay in the appearance of cell 
necrosis and prevents the formation of calcium plaques. 
The final chapter includes a general discussion which covers the following 
points: 1. the role of calcium in the processes of myocytolysis and muscle 
cell necrosis, and 2. the evidence indicating the existence of a 
generalized defect in muscle cell membranes. Finally, it is proposed that 
transient vascular spasms are responsible for the focal occurrence of so-
called 'ischemia-reperfusion injury' to the sarcolemma, whereby the 
generation of free oxygen radicals plays a role in cell damage. 
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SAMENVATTING 
Hoewel van de verschillende vormen van humane spierdystrofie bekend is dat 
ze genetisch bepaald zijn, tonen ze een uiteenlopend klinisch verloop en 
zullen er ook verschillen in het pathogenetisch mechanisme optreden. 
Gebleken is dat de betrokkenheid van de hartspier in de verschillende 
dystrofie6n eerder regel dan uitzondering is. 
Veel onderzoek wordt gedaan aan diermodellen, waarbij de Syrische hamster 
de laatste tijd veel belangstelling heeft gekregen. De dieren van deze 
mutante stam, voor het eerst beschreven in 1962, lijden aan een 
polymyopathie en een cardiomyopathie. De ziekte wordt autosomaal recessief 
overgedragen, treedt relatief laat in het leven op en belemmert niet de 
voortplanting. Als regel geldt dat de dieren half zo oud worden als hun 
gezonde tegenhangers.In de verschillende gefokte subiijnen loopt de ernst 
van de pathologie wel uiteen. Hoewel de dystrofie van deze Syrische 
hamsters niet model kan staan voor éèn der humane spierdystrofieSn, bieden 
deze hamsters toch unieke mogelijkheden voor de bestudering van de 
pathogenetische mechanismen die werkzaam zijn in een erfelijk bepaald 
spierlijden. 
Het doel van de onderzoeken, uitgevoerd aan de sublijn BIO 8262Nij, zoals 
beschreven is in dit proefschrift, was: 
1. beter inzicht te krijgen in het pathogenetisch mechanisme tijdens de 
ontwikkeling van de ziekte; 
2. informatie te verkrijgen met betrekking tot het fasisch verloop van de 
ziekte in hart en skeletspier; 
3. na te gaan of bij deze sublijn, zonder klinische tekenen van een 
congestieve cardiomyopathie, toch een hypertrofie van de hartspier kan 
worden vastgesteld; 
4. na te gaan wat de betrokkenheid van het microvasculaire bed is bij het 
ontstaan van de aandoening. 
Hoofdstuk 2 geeft informatie over het klinisch verloop en de 
histopathologische veranderingen bij een 4-tal humane spierdystrofieën, te 
weten de Duchenne, de Becker, de limb girdle en de fascioscapulohumerale 
spierdystrofie. In een kort literatuuroverzicht worden een aantal 
hypothesen met betrekking tot de Pathogenese van de genoemde 
spierdystrofieên besproken. Het hoofdstuk bevat tevens gegevens over de 
"geschiedenis", de klinische kenmerken en de histopathologie van de mutante 
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hamsterlijnen. 
In hoofdstuk 3 worden de procedures gevolgd bij het bewerken van hart- en 
skeletspierweefsel voor elektronenmikroskopisch en mor fometrisch-
stereologiqch onderzoek beschreven. 
Qndat mikroskopische procedures, zoals fixatie, dehydratie en inbedding, 
invloed hebben op de dimensie van de weefselkomponenten , is een 
morfometrisch-stereologisch onderzoek verricht naar de invloed van 
verschillende glutaaraldehyde fixatieven op de dimensies van de 
mitochondria in hartspierweefsel. De oppervlakte-volume ratio van deze 
organellen blijkt afhankelijk van zowel de concentratie glutaaraldehyde in 
het fixatief als van de concentratie sucrose in het fixatief en de 
spoelbuffer. Gebleken is dat vooral sucrose sterk bijdraagt aan de 
effektieve osmolaritei t. Ook is vastgesteld dat de effekten van 
glutaaraldehyde en buffer niet onafhankelijk zijn van elkaar. 
De histopathologische veranderingen tijdens het verloop van het 
ziekteproces in hart en musculus quadriceps van de BIO 8262Nij hamsters 
zijn beschreven in hoofdstuk 5. Het blijkt dat de aandoening in zowel hart 
als skeletspier een fokaal karakter heeft. Spiercelnecrose treedt eerder op 
in de skeletspier dan in het hart. In het hart duurt het necrotisch proces 
relatief kort (jf 6 weken), terwijl in de skeletspier gedurende het hele 
leven nieuwgevormde necrosehaarden worden waargenomen. Omdat de ernst van 
de aandoening niet in alle skeletspieren gelijk is, wordt aangenomen dat er 
een relatie is tussen de kracht en de duur van de werking en de wijze van 
werking van een stimulus, en de omvang van de necrose. De mitochondria 
blijken een sleutelrol te spelen bij de vorming van calcium plaques. De 
strukturele veranderingen tijdens het verkalkingsprocess zijn gedetailleerd 
beschreven. 
In hoofdstuk 6 zijn de resultaten beschreven van een onderzoek naar 
afwijkingen in het microvasculaire bed in hart, tong en skeletspier, 
waarbij gebruik gemaakt werd van de microcorrosion cast techniek. Zowel 
tijdens de prenecrotische als de necrotische fase treden er constricties op 
in de arteriolen in deze spieren. Het voorkomen van de constricties is niet 
specifiek gerelateerd aan de necrotiserende foci. De constricties blijken 
het gevolg te zijn van contractie van individuele of geschakelde gladde 
spiercellen in de wand van de arteriolen. Argumenten worden gegeven op 
grond waarvan moet worden aangenomen dat deze vaatspasmen fokaal ernstige 
hypoxie veroorzaken in het weefsel. 
Het morfometrisch-stereologisch onderzoek met betrekking tot de postnatale 
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ontwikkeling van de hartspier in normale en in BIO 8262Nij hamsters is 
beschreven in hoofdstuk 7. Reeds tijdens de prenecrotische fase is de 
volumedichtheiiï van de mitochondria significant verhoogd. Door het verlies 
van hartspiercellen tijdens de necrotische fase is er een beperkte 
compensatoire hypertrofie van niet beschadigde hartspiercellen, alsmede een 
proliferatie van de capillairen in de postnecrotische fase. 
De morfometrisch-stereologische veranderingen van de quadriceps spier bij 
normale en myopathische hamsters zijn weergegeven in hoofdstuk 8. Dit 
onderzoek heeft uitgewezen dat, in vergelijking met gezonde hamsters, er in 
jonge BIO 8262Nij hamsters geen verschil in de afmetingen van de 
spiervezels en het capillairbed optreedt. Op de leeftijd van 36 weken 
blijkt de gemiddelde diameter van de spiervezels te zijn afgenomen en 
blijkt er een proliferatie van de capillairen te zijn opgetreden. 
Hoofdstuk 9 beschrijft het effekt van een laag calcium aanbod in het dieet 
op het fasische verloop van de dystrofie in het hart. Toediening van een 
dergelijk dieet heeft invloed op het fasisch verloop van de ziekte, leidt 
tot een vertraging in het ontstaan van spiercelnecrose en voorkomt de 
vorming van calcium plaques. 
In het laatste hoofdstuk, dat als een algemene discussie is toegevoegd 
wordt onder andere ingegaan op: 1. de rol van het calcium in het proces van 
myocytolyse en spiercelnecrose; 2. op de aanwijzingen voor het bestaan van 
een gegeneraliseerd defekt van de spiercelmembraan en de rol die de 
catecholaminen hierbij spelen. Het hoofdstuk eindigt met het postulaat dat 
kortdurende vasculaire spasmen verantwoordelijk zijn voor het fokaal 
optreden van een zogeheten "ischemie/reperfusie injury" van het sarcolemma, 
waarbij beschadiging door zuurstofradicalen een rol speelt. 
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STELLINGEN 
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Het focale karakter van de spiercelnecrose in hart en skeletspieren van 
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kortdurende spasmen in de precapillaire arteriolen. 
Dit proefschrift. 
II 
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Bij onderzoek aan een diermodel naar de myopathologische veranderingen en 
de mogelijkheden tot farmacologische beïnvloeding daarvan dient rekening te 
worden gehouden met het fasische verloop van het ziekteproces. 
IV 
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V 
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de spiervezels. 
VI 
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Vil 
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Vili 
Het vergelijken van stereo logische methoden met als oogmerk de 'best 
bruikbare' te achterhalen is een prijzenswaardig streven. Hierbij moet 
echter wel 'gezond verstand' blijven prevaleren. 
Calverley RKS, Jones DG. Cell Tissue Res 248, 399-407 (1987). 
IX 
Bij diagnostische hysterosalpingografie kunnen vitale endometriumcellen 
naar de buikholte worden versleept; aldus kan endometriose in de hand 
worden gewerkt. 
Mungyer G, Willemsen WNP, Rolland R, Vemer HM, Ramaekers FCS, Jap РНК, 
Poels LG. In Vitro Dev Biol 23, 111-117 (1987). 
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Bij het organiseren van P.A.O.G.-cursussen wordt een betreurenswaardig ver 
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XI 
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XII 
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XIII 
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